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Abstract 
 
The storage of electricity in chemical bonds in form of fuels is a promising route for leveling the 
intermittent production of renewable energy. The present PhD thesis is concerned with the 
electrocatalysis of CO2 reduction in aqueous media at ambient conditions, as an alternative process to 
Fischer-Tropsch fuel synthesis. 
The thesis encompasses electrochemical CO2 and CO reduction on pure metals consisting of 
polycrystalline copper and gold, as well as the bimetallic catalysts consisting of copper overlayers on 
platinum single crystals and bulk and surface alloys of gold-cadmium.  
By roughening the surface of polycrystalline copper in a low buffer capacity electrolyte, we favoured 
the selectivity towards ethylene rather than methane production. We show trends between the 
selectivity towards CO, CH4 and C2H4.  
By depositing monolayers of copper onto platinum single crystals, we tuned the reactivity of copper 
by modifying the tensile strain. However, the overlayers appeared to be unstable under reaction 
conditions, due to the strong interaction of CO with platinum.  
We investigate the reduction of CO2 to CO on polycrystalline Au in neutral media. On the basis of our 
observations, we propose that the coverage of the adsorbed *CO under reaction conditions is 
significant. This suggests the existence of two types of adsorbed *CO, whereby the weakly bound 
*CO could be the reactive intermediate for CO evolution. We also carried out the reduction of CO on 
roughened Au in alkaline media, which yielded trace amounts of formaldehyde and methanol. The 
observation that adsorbed, strongly bound *CO is not reduced further, suggests the existence of 
additional kinetic barriers.  
Guided by the theoretical models, we followed a strategy of alloying to break the existing scaling 
relations between the key CO2 reduction intermediates. Density functional theory calculations 
suggested Au3Cd should possess respectable stability, and higher catalytic activity than Au for CO 
evolution and CH3OH. However, extensive CO2 electrolysis measurements on gold-cadmium bulk 
and surface alloy exhibited lower activities for CO evolution, relative to Au. Despite the promising 
predictions about low overpotentials based on DFT calculations, CO electrolysis in alkaline media on 
cadmium alloyed gold surfaces revealed negligible activity for CO reduction. We hypothesise that 
adsorbate induced rearrangements of the surface take place, possibly involving segregation of 
elements and thus loss of active sites, analogous the copper-platinum system. The most likely 
candidates for these adsorbates are *CO and *H under reaction conditions and possibly *OH and 
*OCHO* at more positive potentials. Similar to Au, trace amounts of methanol and formaldehyde 
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were observed as products of CO reduction. Our results point towards the need to design a catalyst 
surface that is stable under reaction conditions, where reactive intermediates cannot restructure the 
active sites. 
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Resume 
 
Lagring af elektricitet i kemiske bindinger i form af brændstof er en lovende vej til at udjævne den 
uregelmæssige produktion af vedvarende energi. Denne PhD afhandling handler om elektrokatalyse af 
CO2 reduktion i vandig opløsning ved standardbetingelser, som et alternativ til Fischer-Tropsch 
processen. 
Afhandlingen omfatter elektrokemisk CO2 og CO reduktion på rene metaller, der består af 
polykrystallinsk kobber og guld, bimetalliske katalysatorer bestående af kobber overlag på platin 
enkeltkrystaller samt legeringer og overflade legeringer af guld-cadmium. 
Ved at gøre overfladen af polykrystallinsk kobber ru i en elektrolyt med lav bufferkapacitet, 
fordelagtiggjordes selektiviteten for ethylen frem for produktionen af metan. Vi viser tendenser i 
selektivitet over for CO, CH4 og C2H4. 
Ved at deponere kobber monolag på platin enkeltkrystaller, ændrede vi reaktiviteten af kobber ved at 
ændre hvor meget kobber overlaget er strukket. Overlagene viste sig imidlertid at være ustabile under 
reaktionsbetingelserne, på grund af den stærke vekselvirkning mellem CO og platin. 
Vi undersøger reduktion af CO2 til CO på polykrystallinsk Au i neutrale medier. På baggrund af vores 
observationer forventer vi, at dækningsgraden af det adsorberede CO under reaktionsbetingelser er 
betydelig. Det tyder på, at der findes to typer af adsorberet CO, hvorved den svagt bundne CO kunne 
være det reaktive mellemprodukt for CO udvikling. Vi foretog også reduktion af CO på den ru guld i 
alkaliske medier, hvilket gav spormængder af formaldehyd og metanol. Observationen, at adsorberet, 
stærkt bundet CO ikke reduceres yderligere, indikerer at der eksisterer yderligere kinetiske barrierer. 
Under vejledning af de teoretiske modeller, fulgte vi en strategi om at legere for at bryde de 
eksisterende skaleringer mellem de centrale CO2-reduktions mellemprodukter. Tæthedsfunktionalteori 
(DFT) beregninger foreslog Au3Cd som værende tilstrækkelig stabil og forventlig højere katalytisk 
aktiv end Au for CO og CH3OH udvikling. Men omfattende CO2 elektrolyse målinger på guld-
cadmium legering og overflade legering udviste lavere aktiviteter for CO udvikling, i forhold til Au. 
På trods af de lovende forudsigelser om lave overspændinger baseret på DFT beregninger, viste CO 
elektrolyse i alkaliske medier på cadmium legeret guld overflader ubetydelig aktivitet for CO 
reduktion. Vi spekulerer at adsorbat-inducerede omrokeringer af overfladen finder sted, muligvis med 
segregering af atomer og dermed tab af aktive sites, analog til kobber-platin systemet. De mest 
sandsynlige kandidater til disse adsorbater er *CO og *H under reaktionsbetingelserne og eventuelt 
*OH og *OCHO* ved mere positive potentialer. Ligesom for Au blev spormængder af methanol og 
 
 
x 
 
formaldehyd observeret som produkter af CO-reduktion. Vores resultater peger i retning af behovet 
for at designe en katalytisk overflade, der er stabil under reaktionsbetingelserne og hvor reaktive 
mellemprodukter ikke kan omstrukturere de aktive steder. 
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“The scientific man does not aim at an immediate result. He does not expect that his 
advanced ideas will be readily taken up. His work is like that of the planter — for the future. 
His duty is to lay the foundation for those who are to come, and point the way. He lives and 
labors and hopes.” 
Nikola Tesla 
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CHAPTER 1 
 
1. Introduction and motivation 
 
1.1 Energy challenge and fossil fuels 
 
In the 21st century, the most difficult challenge for mankind is to secure the supply of sufficient food, 
water and energy for the entire human race.1-3 The world is facing a continuous growth in population, 
which apart from increase in demand for food and clean water, reflects in a higher energy demand.1-4 
Energy is needed for heating and powering the buildings in which we live and work, as well as for 
industry, which produces food, medications and all other products essential for humanity. In addition, 
transportation belongs to one of the largest energy consuming commodities.4,5 Apart from growth of 
world’s population, economic growth in the developing societies leads to a larger energy demand and 
consumption.4  
Figure 1.1 shows comparative values of energy demand by regions (divided into two groups: 
countries members of the Organisation for Economic Co-operation and Development – OECD and the 
rest of the world), the primary use of energy and the resources exploited to meet these demands.4  The 
plots indicate a projection of a rapid increase in primary energy demand by 2030, due to an increase in 
population and income growth, mostly in the developing economies.4 The total world energy 
consumption in 2010 is marked with a vertical line on plots in Figure 1.1 and corresponds to roughly 
12 billion tonnes of oil equivalent (toe) or 16 TWyear. The major growth in energy demand arises 
from the needs for the generation of power, industry and transportation. Nowadays, these demands are 
almost entirely met by fuels derived from the fossil resources: oil, natural gas and coal.4 Modern 
technologies are mostly based on technological approach, consisting in conversion of crude oil, 
natural gas or coal to value-added chemicals and transportation fuels.6,7 These technologies rely on 
processes, which can dissociate hydrogen and carbon, from different sources, and reorganise them 
into the feedstock units for either fine chemicals or high energy density fuels such as gasoline or 
diesel.5,6 All these large scale processes – production of hydrogen, syngas, methane, methanol, higher 
hydrocarbons, liquid fuels – proceed at elevated pressures and temperatures using heterogeneous 
catalysis.8 
2 
 
 
Figure 1.1: World energy consumption by region, by primary use and by resources used for meeting these demands. OECD 
refers to member countries of the Organisation for Economic Co-operation and Development. toe refers to energy unit – 
tonne of oil equivalent (equals to ~42 GJ). Reprinted from4 
 
On the other hand, fossil resources are not infinite and are unequally distributed by the world’s 
regions.4  Hence, the technological solutions that are widely applied today are not sustainable in the 
long term. In addition, the emissions from burning fossil fuels extensively are related to pollution that 
affects the environment and may have an effect on the climate.4,6 In this sense, novel technologies are 
necessary to ensure a sustainable production of chemicals and energy carriers in economically viable 
fashion and with minimal effects on the environment.6 
The major existing alternative (non-fossil fuels) technologies involve power (electricity) generation 
employing hydro resources or nuclear fission.3,7,9 However, the issues with the long term use of 
nuclear fission are related to the scarce fissile fuel materials and safe radioactive waste disposal.7 
Nuclear fusion is a promising technology yet to come and requires intense scientific efforts.7  
Even though these technologies are an alternative to the fossil fuels, they are still not effectively 
applicable on large scale in the long term, and are thus unsustainable.  
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1.2 Sustainability: renewable energy sources and storage 
 
There is no doubt that the renewable resources available on Earth have the capacity to fulfill the 
world’s energy demand.10 The energy irradiated from the sun is converted into the other forms, such 
as biochemical (biomass), thermal (heat, geothermal) and mechanical (wind and tidal) energy. In 
principle, the energy from all these phenomena could more or less efficiently be converted into 
electricity or heat, readily available for consumption.3 However, the peak consumption does not 
usually match with the period when renewable energy is available. The fluctuations in renewable 
energy generation and energy demand could be managed by developing the advanced electric grids.5 
Nevertheless, the intermittent nature of solar and wind power implies the necessity for development of 
efficient processes for energy storage with high energy density.  
There exists a variety of options for energy storage depending on the ultimate application. A 
comparative representation of the power density versus energy density is given in form of the Ragone 
plot on Figure 1.2. The plot focuses especially on the technologies available for the transportation 
sector: combustion engines using gasoline and hydrogen as fuels, fuel cell and battery technologies as 
well as supercapacitors and flywheels. The energy carriers possessing the highest energy density are 
liquid fuels – gasoline, diesel, methanol, etc.3 A development of efficient technologies for synthesis of 
liquid fuels using alternative and renewable energy sources would contribute to a smoother transition 
from fossil fuel based economies to sustainable economies.6,9  
 
Figure 1.2: The Ragone plot – a comparison of the energy densities versus power densities of various options for energy 
storage, especially related to the transportation systems involving batteries, supercapacitors, flywheels and various gaseous 
and liquid fuels. Reprinted from3. 
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The possibility to use the existing infrastructure would facilitate a cost-effective large scale 
implementation of the renewable technologies. On Figure 1.3, Graves et al propose a map of 
possibilities, including the technologies for energy collection, sources of carbon and hydrogen and 
processes that allow their conversion into high energy density synthetic fuels or feedstock chemicals.9  
 
Figure 1.3: The map of possible routes for fuels synthesis using alternative technologies. H2O is considered as a source of 
hydrogen and CO2 as carbon source.  Reprinted from9 
 
The authors split the overall scheme into four stages: the collection of energy and oxides (carbon and 
hydrogen sources), dissociation of the oxides (water and carbon dioxide), fuel synthesis and finally 
consumption. They review possibilities of use of H2O and CO2 as sustainable sources of hydrogen and 
carbon, respectively. Water can be supplied sustainably from the oceans employing the desalination 
process.9 Recycling of CO2 from large industrial plants, or captured from the air, could open a 
possibility to manage carbon emissions. The heat, electricity or light from various renewable energy 
sources could be stored in high energy density chemical bonds, in form of hydrocarbons or alcohols. 
The authors identify several existing approaches to convert CO2 to carbon based fuels, such as 
methanol synthesis based on the conventional CO2 hydrogenation at high temperatures and pressures, 
using Cu and ZnO as catalyst. Another possibility involves use of syngas, a mixture of CO and H2, 
which can be further converted to higher hydrocarbons in Fischer-Tropsch process (equation 1.1).9  
(2n+1)H2 + nCO = CnH(2n+2) + nH2O      (1.1) 
5 
 
The stage with the largest energy conversion is related to oxide (H2O and CO2) dissociation, to 
provide hydrogen and carbon.9 These processes may involve direct use of solar heat (thermolysis) or 
electricity driven water and CO2 splitting at elevated or ambient temperatures. Nonetheless, there is an 
economic and a scientific interest to develop an alternative process to Fischer-Tropsch, in order to 
avoid the dissociation stage and enable fuel synthesis directly from water and carbon dioxide.  
The understanding and mimicking the natural process of photosynthesis may open a possibility for 
efficient conversion of direct solar energy into liquid fuels – solar fuels.11 Such an artificial 
photosynthesis process may be rather complex, since it consists of both absorption of sunlight to 
produce electricity and electrolytic process to synthesise the fuels.2,5,6,9  
In any case, regardless whether the photoelectrolysis or low temperature electrolysis is considered, 
fuel synthesis is relying on understanding and developing the catalytic process and finding suitable 
catalytic materials for an efficient implementation of the novel technology on large scale.6 
 
1.3 Low temperature electrolysis 
 
Low temperature electrolysis assumes an electrically driven splitting of H2O and reduction of CO2 at 
ambient conditions.12 It is achieved by applying a potential difference between the two electrodes in a 
device known as electrolyser (see Figure 1.4). An electrolyser is a device consisting in two cell 
compartments – anode, where water oxidation reaction occurs, as shown in equation 1.2, and  
– cathode, where the electrochemical reduction of CO2 occurs (equations 1.3 through 1.6). A proton 
(or anion) conducting membrane separates the two cells, avoiding the mixture of fuels and O2 and 
allowing only passage of protons.6,9 
2H2O = O2 +4H+ + 4e-    Ueq= 1.23 V vs. RHE  (1.2) 
There is a variety of reactions that might occur at the cathode, depending on the reaction conditions 
and the catalyst. Some of the possible reactions are shown in equations 1.3 to 1.6.12,13  
CO2 + 8H+ + 8e- = CH4 + 2H2O   Ueq= 0.17 V vs. RHE  (1.3) 
CO2 + 6H+ + 6e- = CH3OH + 2H2O  Ueq= 0.02 V vs. RHE  (1.4) 
CO2 + 2H+ + 2e- = CO + H2O   Ueq= -0.10 V vs. RHE     (1.5) 
2H+ + 2e- = H2    Ueq= 0.00 V vs. RHE   (1.6) 
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Figure 1.4: Schematic representation of an electrolyser for bulk CO2 electrolysis. Adapted from the PhD thesis of Maria 
Escudero Escribano.14 
Transition metal surfaces may serve as catalysts for electrochemical reduction of CO2. Depending on 
the electrode surface, its morphology, applied potential, working electrolyte, its pH and many other 
factors, CO2 can be reduced to high energy value compounds such as hydrocarbons – methane, 
ethylene, ethane, propane – as well as alcohols – methanol, ethanol.6,9,15-20 
Apart from the capital and maintenance costs, the most relevant costs of an electrolyser device are 
related to the cost of the electricity and the efficiency for its conversion to chemical energy.9 As 
shown in equation 1.7, the overall electricity-to-chemical energy efficiency (εelectrolysis) for a specific 
half reaction depends on the overpotential, necessary for the reaction to achieve a certain current 
density (η) and the current (Faradaic) efficiency for a given product (εFaradaic). Ueq is an equilibrium 
redox potential, at which, theoretically, the reaction should be thermoneutral.6,9  
ߝ௘௟௘௖௧௥௢௟௬௦௜௦ ൌ  ௎೐౧௎೐೜ାఎߝி௔௥௔ௗ௔௜௖    (1.7) 
In general, Faradaic efficiency describes the current selectivity for production of a given compound 
and it is related mainly to the nature of the catalyst, but may also depend on the reaction conditions. 
On the other hand, the overpotential depends exclusively on the thermodynamic properties of the 
catalyst material. To improve the efficiency of this process, the requirements for a catalyst material 
are that it has a high activity (high current density at low overpotential), and a high selectivity for a 
single valuable compound. Additionally, the stability and supply of the catalyst material are inevitably 
relevant when addressing the scalability of the novel renewable energy processes.21  
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1.4 Outline of the thesis 
 
The present thesis aims to contribute to the fundamental understanding of the electrocatalytic 
processes occurring during the reduction of CO2 and CO to synthetic fuels. As briefly discussed in 
section 1.3, the major barrier for designing an efficient device to perform bulk CO2 electrolysis is 
related to finding a stable and available catalyst material; the catalyst should possess high selectivity 
and activity for CO2 reduction towards an energy rich compound such as methane or methanol.  
Chapter 1 provides a broader context of the research area. It points out the advantages of storing the 
energy coming from renewables in form of chemical bonds, i.e. high energy density synthetic or solar 
fuels. In Chapter 2, a thermodynamic background for electrochemical reduction of CO2 and CO is 
discussed. We present the general concepts in catalysis and introduce a brief overview of the literature 
related to CO2 reduction electrocatalysis on various transition metals, with emphasis on experimental 
works using copper and gold electrodes. Additionally, we provide a state-of-art theoretical 
understanding of CO2 reduction catalysis obtained through density functional theory calculations. 
Chapter 3 lists all experimental methods, tools and equipment employed for the experimental work in 
this thesis for catalyst preparation, characterisation and conduction of the bulk electrolysis 
measurements, along with the qualitative and quantitative product analysis methods. Chapter 4 
explores the surface morphology effects on the catalytic activity and selectivity of polycrystalline 
copper electrodes for CO2 electro-reduction. The purpose of Chapter 5 is to give a brief insight into 
the possibilities of performing the CO2 reduction on copper overlayers on platinum single crystals. 
This study reveals how adsorbate induced structural changes may affect the overall catalytic activity. 
Hence, the use of less reactive metal surfaces is suggested. Chapter 6 deals with polycrystalline gold 
electrodes. We present CO2 reduction in neutral media, as well as CO reduction in alkaline media 
using a variety of product analysis methods with very low detection limits. In order to interpret the 
catalytic measurements, we combine theoretical and experimental methods. Finally, in Chapter 7, as a 
collaborative study, we explore the possibility of improving the catalyst performance, guided by 
density functional theory (DFT) calculations.  The theoretical model predicts Au3Cd alloy as the most 
promising catalyst for reducing the high overpotentials for CO2 reduction. We investigate bulk and 
surface bimetallic structures containing gold and cadmium experimentally and interpret our 
observations using DFT. Finally, the conclusions from this study are summarised in Chapter 8, and 
the direction for future studies in Chapter 9. 
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CHAPTER 2 
 
2. Theoretical background and literature overview 
 
 
2.1 Catalytic activity of metals 
 
2.1.1 Sabatier principle 
 
Catalysis accelerates chemical reactions by enabling a lower energy pathway for reactants conversion 
to products. The lower energy pathway is provided through an interaction of the reactants with a 
catalyst, whereby the adsorbate’s internal chemical bonds are weakened and thus, the formation of the 
new chemical bonds is facilitated.8 Heterogeneous catalysis assumes the adsorption of the gas or 
liquid phase reactants on a solid surface of a catalyst material, followed by the reaction and 
subsequent product desorption. Various materials possess different affinities towards binding of 
different reactants and reaction intermediates, which determines their overall efficiency as a catalyst. 
The key reaction intermediates have to bind to the catalyst surface strong enough for the reaction to 
occur. However, the catalyst binding towards the final product should be weak enough to allow its 
facile desorption. Therefore, the most active catalyst materials possess a moderate binding towards the 
key reaction intermediate – the principle also known as a Sabatier principle.22 A typical way of 
comparing catalyst activity involves plotting a measured parameter of activity (turn over frequency, 
current density, limiting potential, etc.) versus an activity descriptor – the binding energy of a key 
reaction intermediate.23-29 Such representation orders the best performing catalysts around the optimal 
binding energy for a given intermediate – resulting in a plot shaped as a volcano. 
The simpliest example of an electrocatalytic reaction is hydrogen evolution reaction (HER), as shown 
in equation 2.1: 
 
2H+(aq) + 2e- = H2(g)      Ueq= 0 V vs. RHE   (2.1)  
 
Plot (a) in Figure 2.1 represents a free energy diagram for the hydrogen evolution reaction, proceeding 
through a single reaction intermediate, the adsorbed hydrogen. Nørskov and co-workers29 employ the 
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density functional theory calculations to calculate the hydrogen chemisorption energy per atom (ΔEH).  
The free energy of *H is shown for various transition metal surfaces. Bandarenka and co-workers use 
these calculated values as the activity descriptor to construct a volcano plot for the HER.23 
The optimal activity, i.e. the highest values of the experimentally measured exchange current densities 
are obtained for the metal surfaces with intermediate binding of hydrogen (*H).23 On the left hand 
side of the volcano on the plot (b) are the metals which bind *H strongly, in turn, causing it to slowly  
react further to molecular hydrogen. The right hand side of the volcano shows the metals that bind *H 
weakly, the reason for reaction kinetics to be limited by the reactant adsorption. Improving a catalyst 
activity hinges upon finding the material with optimal binding, whether by changing its composition 
or its structure.  
Figure 2.1: (a) A free energy diagram of *H for Au, Pt, Ni, Mo, MoS2 as well as hydrogenase and nitrogenase enzymes 
models, calculated using density functional theory calculations; Reprinted from29 (b) Volcano plot showing experimentally 
obtained exchange current densities plotted against the calculated hydrogen chemisorption energies per atom. Reprinted 
from23.  
 
The concept of volcano plot clearly distinguishes the reactivity of a catalyst from its activity. The 
reactivity is related to the binding energies as a measure of adsorbate-catalyst interaction. The activity 
depends on the surface reactivity and it represents an experimentally measurable parameter, in 
electrocatalytic reactions commonly expressed as current density. 
 
2.1.2 The effect of surface structure on catalyst reactivity 
 
A detailed insight into the nature of surface-adsorbate interaction offers an explanation which 
parameters are in control of surface reactivity. Figure 2.2 depicts a rearrangement of the electronic 
configuration of a molecule adsorbing onto a metal surface.30 Initially, the interaction between the 
molecule and the surface is due to electrostatic van der Waals forces, followed by the chemisorption 
on the surface.
a) b) 
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Figure 2.2: Schematic illustration of the bond formation between an adsorbate and a transition metal. 
(Figure reprinted from30) 
 
Due to interaction with the sp-band of a metal, the adsorbate level broadens and shifts downwards in 
energy, which stabilises the binding between the adsorbate and the surface. Additionally, the d-band 
of a transition metal causes the splitting of adsorbate’s valance level in bonding and anti-bonding. 
Adsorbate-levels below the Fermi-level are occupied and contribute to the binding between the 
adsorbate and the metal. The adsorption energy is given by the adsorbate’s valence states coupling to 
the d-band of the metal as proposed in the d-band model.31 The strength of the adsorbate-metal 
interaction can be correlated to the d-band center of a metal. 
 
Figure 2.3: Schematic representation of the d-band center shift upon surface structure changes. 
(Figure reprinted from30) 
 
The surface structure of a metal affects its electronic properties and thus its reactivity. For instance, 
surfaces with atoms possessing low coordination numbers, such as steps and kinks, are more reactive 
than close packed surfaces. The overlap between the electronic orbitals depends on the coordination 
number of the surface atoms – atoms with low coordination number have smaller orbital overlap, 
which results in a narrower d-band. Since the d-band filling, i.e. the Fermi level need to remain 
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constant, the d-band shifts upwards, as illustrated in Figure 2.3. Higher d-band center means a 
stronger binding between the adsorbate and the metallic surface.  
The overlap between the electronic orbitals may be tuned by changing the interatomic distance at the 
surface. The concept is known as the strain effect.32 An expanded surface has a narrower d-band, 
consequently the d-band center is shifted upwards and surface is more reactive. On the other hand, a 
compressed surface possesses a broader d-band, whose center is shifted downwards making the 
surface less reactive. 
 
2.1.3 The ligand effect on catalyst reactivity 
 
The ligand effect is related to the change in the electronic structure of the metal, which can be 
achieved by introducing solute metal species into the host metal substrate. That can influence the 
changes in reactivity, depending on the nature of both solute and host metal.  
In practice, this may be achieved either by alloying or by forming the overlayer structures. However, 
neither of these assures only the ligand effect on reactivity, but also involves the strain effect.  
Alloying not only affects the electronic structure, but also changes the lattice parameters of a new 
alloy phase.   
On the other hand, if a monolayer of one metal is deposited on top of another metal as substrate, a 
pseudomorphic overlayer may form. Pseudomorphic metal overlayers adopt the same lattice constant 
as the host metal beneath. Therefore, the reactivity of such overlayer structure may be influenced not 
only via ligand effect from the host metal beneath, but as well via the tensile or compressive strain, 
produced due to the changes in interatomic distances.  
Density function theory (DFT) calculations were employed to calculate the shifts of the d-band center 
for transition metals overlayer structures. Figure 2.4 shows that the d-band center varies the position 
significantly depending on the nature of the overlayer-host metal interaction.30 For instance, a copper 
pseudomorphic overlayer on a platinum substrate produces a shift in copper d-band center of more 
than 0.7 eV in upward direction, hence enhancing the reactivity of the copper overlayer. 
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Figure 2.4: Changes in d-band center position of the overlayer metal deposited onto a host transition metal 
(Figure reprinted from30) 
 
2.1.4 Underpotential Deposition – Concept behind the preparation of Overlayers and 
Surface Alloys 
 
This section introduces underpotential deposition, a concept behind the preparation routes employed 
both for preparing the copper overlayer structures on platinum (Chapter 5) as well as the surface alloy 
in case of gold-cadmium system (Chapter 6).33  
There are two possibilities to consider regarding the adsorption of metal ions from a solution onto a 
foreign metal surface as a substrate. Both are related to the relationship between the Gibbs free 
energies of adsorbate-substrate interaction on one side and adsorbate-adsorbate interaction on the 
other side. If the adsorbate-substrate interaction is weaker compared to the adsorbate-adsorbate 
interaction, one may expect the deposition at the potentials more negative relative to the reversible 
equilibrium potential of bulk deposition and dissolution of the system. Such type of deposition usually 
forms small clusters or islands on the surface of a substrate. However, in a case of stronger adsorbate-
substrate interactions, one can expect adsorbate deposition onto the substrate at potentials more 
positive relative to the equilibrium deposition/dissolution potential and is called underpotential 
deposition (upd). This method usually allows deposition of up to a monolayer of solute metal onto the 
host metal. The exact position of the upd can be calculated using the Nernst equation, given the solute 
metal ion concentration.  
௘ܷ௤ ൌ ܷι ൅ ோ்ଶி ݈݊
௔಴೏మశ
௔಴೏    (2.2) 
An underpotential deposition experiment usually consists of performing cyclic voltammetry in the 
range of potentials of interest using rather slow scan rates, of few millivolts per second. One may start 
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at a high enough potential where no adsorption takes place. Lowering the potential, one can observe 
cathodic currents giving sharp features on very ordered surfaces. The cathodic (negative) currents 
originate from the electron transfer related to the adsorption process of a positively charged species. 
Different peaks correspond to either different adsorption sites or changes in the structure of the 
adsorbate layer. After lowering the potential below the equilibrium potential for that system, a huge 
increase in cathodic current may be observed, corresponding to the bulk deposition. Upon changing 
the sweep direction, one can observe the anodic currents corresponding to bulk dissolution, followed 
by the dissolution of the overlayer. All these processes are represented for cases of Cu upd on Pt 
(Chapter 5, Figure 5.1) and Au (Chapter 6, Figure 6.2) and for Cd upd on Au (Chapter 3, Figure 3.7). 
At low concentrations of solute metals the deposition becomes slower, because the deposition rate 
starts to be limited by the mass transfer, which may imply the necessity for longer times of holding of 
potential in order to deposit a full monolayer. For this reason, in this work we used rather low solute 
metal concentrations, giving us the opportunity to use the time as parameter for submonolayer 
depositions.  
Some of the metals form pseudomorphic overlayers on foreign substrate metals. This phenomenon 
can be used for formation of monolayers of metals with compressive or tensile strain, which may be 
used for investigations of metals reactivity in catalysis, as described more in Chapter 5.23,33 Chapter 7 
deals in more detail with the application of electrodeposition for preparation of submonolayer gold-
cadmium surface alloys. On the other hand, upd can be used for electrochemical estimation of the 
active surface area of the catalyst, as described in Chapter 6. 
Figure 2.5: An STM model of the (ξ͹  × ξ͵ ) overlayer at 2/5th coverage, based on an image at -0.4 V vs. 3 M KCl 
Ag/AgCl (-0.19 V vs. NHE) in 0.2 mM CdSO4 and 1 mM H2SO4.The Au lattice is represented by the darker circles. Figure 
reprinted from34. 
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A pertinent example of use of upd is alloy formation during Cd deposition on Au.35,36 In their reports, 
Horanyi and co-workers35,36 examine a potential dependent specific adsorption of sulphate and 
perchlorate anions during Cd upd, as well as the alloy formation that follows. They propose various 
potential ranges. Initially, Cd deposition in form of adatoms, begins at +0.11 V vs. NHE. According 
to their study, Au-Cd alloy exists predominantly below -0.36 V vs. NHE, whereby below -0.5 V bulk 
Cd deposition begins. The standard thermodynamic potential of cadmium deposition/dissolution is  
-0.4885 V vs. NHE.34,35 After deposition, at open circuit potential, they observe a fast Cd corrosion 
from the surface followed by the evolution of hydrogen and surface roughening. In addition, Stickney 
and co-workers have studied Cd upd on Au(111) using electrochemical scanning tunnelling 
microscopy (EC-STM).34 Similarly, they observed formation of CdSO4 bilayer, and formation of 
smallalloy nanoclusters near -0.29 V vs. NHE (reported originally as -0.5 V vs. 3M KCl/Ag/AgCl).  
In the fcc regions of Au(111) reconstruction (at potential range from -0.09 V to -0.19 V vs. NHE), 
they observe formation of (ξ͹ × ξ͵ ) overlayer at coverage of 2/5 of ML.  
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2.2. Electrocatalytic CO2 reduction 
 
2.2.1 Pourbaix-diagram of CO2 – Potential-pH dependence 
 
The Pourbaix diagram is essentially an electrochemical phase diagram that represents which species 
(oxidation states) of a given element (metal) are thermodynamically stable at a given pH value of the 
surrounding electrolyte and at a given potential relative to normal hydrogen electrode (NHE) scale. 
The Pourbaix diagrams show regions of stability of pure metals, corrosion regions where they 
dissolve in form of ions into the solution or passivity regions where metal oxides are 
thermodynamically stable.  
As for metals, the thermodynamic stability of CO2 can be represented as Pourbaix diagram37, showing 
the thermodynamically existing species depending on solututions pH and potential. Equations below 
(2.2, 2.3 and 2.4) illustrate the possible equilibria between CO2, water, carboxylic acid and its 
deprotonated species at potentials positive of 0 V vs. RHE. At most acidic environment, up to pH of  
~6, formation of weak carboxylic acid is possible (Eq. 2.3). At pH range from 6 to ~10.3, bicarbonate 
anions are stable in solution, while at higher pH than 10.3 bicarbonate deprotonates further to 
carbonate anion. 
CO2(g) + H2O(l)  ↔ H2CO3(l)        (2.3) 
H2CO3(l)  ↔ H
+
 
+ HCO3
-
(aq)      (2.4) 
HCO3-(aq) ↔
 
 H++ CO3
2-
(aq)
      (2.5) 
Table 2.1: Some of the possible CO2 electro-reduction reactions, including corresponding thermodynamic reversible 
potentials given against the reversible hydrogen electrode (RHE), calculated using data from13. 
 
CO2(g) + 2H+ + 2e- = HCOOH(l)   Ueq= -0.171 V  (2.6)                   
CO2(g) + 4H+ + 4e- = HCHO(l)   Ueq= -0.142 V  (2.7)                   
CO2(g) + 2H+ + 2e- = CO(g) + H2O(l)   Ueq= -0.103 V  (2.8)                                  
CO2(g) + 6H+ + 6e- = CH3OH(l) + H2O(l)   Ueq= +0.016 V  (2.9)                                  
CO2(g) + 8H+ + 8e- = CH4(g) + 2H2O(l)  Ueq= +0.169 V  (2.10)                                    
2CO2(g) + 12H+ + 12e- = C2H4(g) + 4H2O(l) Ueq= +0.079 V  (2.11)                                  
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At potentials negative of ~0 V vs. RHE, various reduced carbon species are stable. Depending on 
many factors, electrochemical reduction of CO2 may result in a variety of products such as formic 
acid, carbon monoxide, methane, ethylene, etc. The most interesting compounds with their 
corresponding standard potentials and the number of protons and electrons involved in the reaction 
are  represented in Table 2.1. 
On Figure 2.6 Latimer-Frost plot is shown, providing the Gibbs free energies of formation for various 
products relative to CO2 plotted versus the number of proton-electron transfers required in the each 
reaction. The plot focuses only on one carbon atom products such as CO, formic acid, formaldehyde, 
methanol and methane. As the small red triangle in the corner of the plot suggests, the thermodynamic 
reversible potentials can be obtained from the ratio of the Gibbs free energy and number of electrons 
transferred (equation 2.12). Therefore, the slopes of the lines connecting CO2 and a given product 
provide an indication of the reversible potentials.  
௘ܷ௤ ൌ െ οீ೑೚ೝ೘௭     (2.12)                                  
For obtaining higher energy value compounds, such as methane, ethylene or methanol, larger number 
of protons and electrons needs to be transferred.  
 
Figure 2.6: Adapted Latimer-Frost plot, showing the Gibbs free energy of formation for various C1 products of CO2 
electro-reduction as a function of number of transferred electrons (and protons). The thermodynamic reversible potentials are 
confined in the slope of the lines connecting CO2 with the products. Enthalpies of formation from13. 
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On Figure 2.7,  shifts in theoretical reversible potentials are represented as an effect of switching to 
CO as a reactant gas instead of CO2. Plot (a) represents Latimer-Frost plot with the slopes indicating 
the reversible potentials.  
 
Figure 2.7: (a) Adapted Latimer-Frost plot comparing the reversible potentials for C1 products formed from CO2 and CO; 
(b) The shifts in reversible potentials relative to the fixed reaction potential due to the use of a different reactant gas – an 
illustration of the shifts in practically applied overpotentials. Enthalpies of formation from13.  
 
When CO is used as reactant, the Gibbs formation energies as well as the number of electrons 
required decrease, resulting in changes in reversible potentials. Practically, this implies, that 
performing the CO electrolysis at a same fixed potential with respect to the RHE scale, results in 
change of applied overpotentials for all products with respect to CO2 electrolysis, as shown in plot (b) 
of Figure 2.7. For instance, at a potential of -0.3 V RHE, the overpotential for methanol production 
from CO2 is 0.316 V, whereas with CO as a starting reactant it is 0.376 V. 
 
2.2.2 State-of-the-art understanding of CO2 reduction electrocatalysis 
 
The reversible potentials for formation of all the products from CO2, which are in the range from  
-0.2 V to +0.2 V vs. RHE, indicate that it is thermodynamically possible for these reactions to occur 
below these given potentials. Since hydrogen evolution reaction has by definition its standard 
potential at 0 V vs. RHE, it will compete with CO2 reduction at all negative potentials. Hence, an ideal 
CO2 electro-reduction catalyst shoud be virtually inactive for hydrogen evolution, but reduce CO2 to a 
single valuable product at lowest possible overpotential. The number of protons and electrons 
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transferred during CO2 reduction may vary from 2 as for CO or formic acid, up to even 30 for 
hydrocarbon products such as propane.  
An insightfull representation of the trends in CO2 reduction can be obtained from the pioneering work 
of Hori and co-workers.15,38 They measured Faradaic efficiencies towards CO2 electro-reduction on 
many different metals, as shown in Table 2.2. These measurements were performed using 
chronopotentiometry, i.e. by applying a constant current density (of -5 mA.cm-2). The activity of the 
catalyst is then defined by the value of the stable potential for obtaining this current density – highly 
active metals exhibit less negative potentials (lower overpotentials).15  
 
Table 2.2: Product distribution for the CO2 electrochemical reduction on various metals. (Adapted from15) 
Metal U 
V vs. RHE 
j 
mA.cm-2 
Faradaic Efficiency (%) 
CH
4
 C
2
H
4
 EtOH PrOH CO HCOO- H2 Total 
Ni 
Fe 
Pt 
Ti 
-1.18 
-0.57 
-0.67 
-1.20 
5 
5 
5 
5 
1.8 
0 
0 
0 
0 
0.1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
tr 
1 
0 
0 
0 
89 
95 
96 
100 
92 
95 
96 
100 
Pb 
Hg 
Tl 
In 
Sn 
Cd 
-1.23 
-1.11 
-1.20 
-1.15 
-1.08 
-1.23 
5 
0.5 
5 
5 
5 
5 
0 
0 
0 
0 
0 
1.3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
7 
14 
97 
99 
95 
95 
88 
78 
5 
0 
6 
5 
5 
9 
102 
100 
101 
100 
100 
103 
Au 
Ag 
Zn 
Pd 
Ga 
-0.75 
-0.97 
-1.14 
-0.80 
-0.84 
5 
5 
5 
5 
5 
0 
0 
0 
2.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
87 
81 
79 
28 
23 
1 
1 
6 
3 
0 
10 
12 
10 
26 
79 
98 
95 
95 
60 
102 
Cu -1.04 5 33.3 25.5 5.7 3 1.3 9 20 103 
 
 
The product selectivities, reported as Faradaic efficiencies in the Table 2.2, allow us to classify the 
metals in several groups. There are metals, such as Pt and Fe, that are inactive for CO2 electro-
reduction, but are highly active for hydrogen evolution reaction. These catalysts possess strong 
binding towards CO, so instead protonation of CO, the protons are preferably reduced to molecular 
hydrogen. The next group of metals, consisting of metals as Sn, In, Pb, Cd, successfully reduces CO2, 
but does not have the possibility of breaking  the carbon-oxygen bond, hence, the major product is 
formate. Nevertheless, this group of metals is least active for hydrogen evolution. Most prominent 
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representatives of the third group of metals, which reduce CO2 to CO are Au, Ag and Zn. However, 
their weak binding towards CO does not allow them to reduce CO any further.  
Copper is a unique metal, which produces hydrocarbons with remarkably higher selectivities than any 
other transition metal. The main drawbacks of Cu as catalyst are in fact the variety of products it 
makes and a large overpotential. Moreover, we still possess a poor understanding about the factors 
that control the selectivities towards production of the most interesting compounds such as ethylene or 
methanol.15  
 
CO2 electro-reduction on copper 
 
Being unique amongst transition metals that reduce CO2 to hydrocarbons, copper has been extensively 
studied as an electrocatalyst.38-48 Various studies have correlated the catalytic activity and selectivity 
of copper to different parameters and reaction conditions – surface structure, working potential, 
temperature, working electrolyte and its pH.39,42-44,49  
Figure 2.8: Product distribution as a function of potential measured by Hori and co-workers.  
(Figure reprinted from50, data points from38) 
Initially, Hori and co-workers investigated the dependence of the product distribution on potential.38 
They reported hydrogen as the only detected product measured at potentials more positive than -0.4 V 
vs. RHE. CO2 electro-reduction started when larger overpotentials were applied (Figure 2.8). 
Formation of CO and formate beings at ~ -0.6 V vs. RHE, reaching the highest Faradaic efficiencies 
at around -0.85 V vs. RHE. Hydrocarbons, predominately ethylene and methane, begin to be produced 
at -0.7 V and -0.85 V vs. RHE, respectively. Ethylene production reaches its maximum values at 
potentials below -0.9 V vs. RHE, whereby at -1.0 V vs. RHE methane becomes predominant product 
21 
 
reaching efficiencies of even 40 %. The corresponding overpotential for producing high hydrocarbons 
yields is in range of  1.0 V to 1.2 V, which is considered a significant energy input.  
Recent work from Jaramillo and co-workers provides a more detailed insight into the product 
distribution as a function of potential during the electrocatalytic CO2 reduction on copper electrodes.39 
Specific design of the electrochemical cell allowed them to use of high surface area electrodes inside 
a small volume of the electrolyte, inside which detectable concentrations of reaction products can 
build up. In combination with NMR spectroscopy as their main product analysis tool, they were able 
to quantify sixteen reaction products in total, whereby five of them were reported for the first time.   
 
Figure 2.9: Product distribution as a function of potential obtained by Jaramillo and co-workers. 
(Figure reprinted from39) 
The product distribution for the major CO2 reduction products as a function of potential, shown on 
Figure 2.9, is consistent with the data from Hori and co-workers.15 Furthermore, Jaramillo and co-
workers found a similar potential dependence for the compounds possessing two or more carbon 
atoms. They report the maximum efficiency towards these products matches the maximum efficiency 
22 
 
towards ethylene (around -1.0 V). While the current efficiencies related to C2 products decay 
reaching -1.2 V, methane efficiencies still increase. This difference suggests that there might exist a 
different rate limiting step related to the production of these two compounds.  
A similar product distribution as function of potential was observed experimentally upon reducing 
directly CO, instead of CO2, on copper catalyst.42 That suggests, that CO is an intermediate during 
CO2 electro-reduction to hydrocarbons and that the reaction is limited by steps following the 
formation of CO. More detailed experimental studies of the reaction mechanism become challenging, 
since they should assume development of a technique capable of probing the reaction intermediates in 
situ.  
A more recent paper by Li et al48 presents results on roughened copper obtained by reducing a thick 
layer of Cu2O. Using this preparation method they have achieved an extremely rough surface 
(roughness factor ~30) in which the reduction CO2 to CO requires 0.2 V less overpotential than on 
polycrystalline Cu. Furthermore, on this surface the only hydrocarbons detected are C2H4 and C2H6, 
no methane.  
Cook and co-workers measured Faradaic efficiencies for CH4 and C2H4 as high as 79 % using in situ 
electrodeposited copper on glassy carbon electrodes. They propose a mechanism, which proceeds 
through a weakly adsorbed CO2 and electrochemically generated chemisorbed hydrogen at the copper 
surface. The subsequent reduction of adsorbed CO2 results in bridged CO, which can either desorb or 
be further reduced, as they suggest.49 In addition, Ogura and coworkers report selectivity of 69 % for 
C2H4 production at -1.8 V vs. Ag/AgCl (-1.53 V vs. RHE) in 3 M KCl electrolyte with adding 1 mM 
of CuSO4. They discuss that Cu2+ deposition performed along with CO2 electrolysis gives rise to such 
high Faradaic efficiencies for ethylene.51 
Hori and coworkers41,52 showed that the crystal orientation of copper has a strong effect on its 
catalytic activity. Their work has been carried out at a constant current; consequently the local pH 
does not play a role since it should be the same on all the studied surfaces. Hori et al. observed that on 
stepped surfaces, like Cu(311), Cu(511) and Cu (711), the reaction occurs at lower potentials for a 
specific current density compared to the low index facets Cu(111) and Cu(100). They also concluded 
that the selectivity ratio between CH4 and C2H4 depends strongly on the crystal orientation. They 
reported that Cu(111) produced CH4 with a Faradaic efficiency of 50.5 % and C2H4 with an efficiency 
of 8.8 %.  On the other hand, the stepped surface Cu(711) exhibited only a modest Faradaic efficiency 
of  3.8 % towards CH4  and 51.6 % towards C2H4. These results indicate that steps are more selective 
towards ethylene production while terraces are more selective towards the formation of methane.  
 
 
23 
 
Insights into mechanism of CO2 reduction on copper 
 
Computational modelling of the electrochemical interface and the reactions taking place there would 
strictly speaking need to consider the electrolyte and the electric fields in the double layer.53 Even so, 
the theoretical models in catalysis, developed based on density functional theory calculations, have 
been proven to be useful in elucidating the general trends.50,54,55 The construction of an overall free 
energy diagram for a catalytic reaction is possible if the adsorption energies for all the reaction 
intermediates on that given catalyst are calculated. Moreover, the free energy diagram delivers a value 
of minimum theoretical overpotential necessary for the reaction to be thermodynamically viable.  
The exact mechanism of CO2 electro-reduction, in which hydrocarbons are produced, is still being 
debated. A detailed reaction pathway for reducing CO2 to CH4 on a Cu(211) model surface is 
proposed by Peterson et al.50 The reaction steps corresponding to the lowest energy pathway for this 
reaction are shown in Figure 2.10. They identified the protonation of *CO to *CHO as the potential 
determining step, i.e. the step requiring the highest overpotential of all reaction steps. 
 
 
Figure 2.10: Proposed CO2 electro-reduction pathway for methane formation on Cu(211) model surface. The free energy 
diagram is shown at 0V vs. RHE and at the minimum theoretical overpotential of -0. 74 V vs. RHE. (Figure reprinted 
from50) 
 
Recent study by Nie et al, included the kinetic barriers into the model. However, that indicated that 
the protonation of *CO to *COH is favored on Cu(111), instead the protonation to form *CHO.50 
Likewise, Nie et al propose further *COH reduction to methane, while *CHO intermediate would 
generate methanol.  
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A complete mechanism of CO2 reduction should as well be capable of explaining the reaction 
pathway leading to the formation of ethylene. It should be consistent with the different experimental 
observations about methane and ethylene production regarding potential and pH dependence.  
Koper and co-workers considered a scenario where  C-C coupling happens early in the reaction via 
formation of a CO dimer.43 Their studies show that the formation of methane depends on proton 
concentration, while the formation of ethylene is independent of pH.56 This is consistent with *CO 
protonation being the limiting step for methane formation, but it also suggests that the limiting step 
for ethylene production should be a different one - involving no proton transfer (which could be 
dimerization of two moieties).  
Nørskov and coworkers found the dimerisation of *CO kinetically unfavorable57, opening space for 
discussion. In addition, they propose the protonation of *CO to *CHO to be the potential determining 
step in the formation of ethylene. They suggest that all C2 products should be formed via a non-
electrochemical reaction between the adsorbed intermediates at the surface.57 According to their 
calculations, the coupling of adsorbed intermediates is more facile following protonation of adsorbed 
CO, for instance as coupling of *CHO to *OCHCHO*. Nonetheless, at present their calculations 
cannot reconcile the  experimentally measured differences in product distribution at a constant 
potential with respect to RHE when varying electrolyte pH value.  
 
CO2 electro-reduction on gold 
 
Results from Table 2.2 highlight gold as the transition metal with highest Faradaic efficiency towards 
CO evolution – being 87 % at -0.75 V vs. RHE (chronopotentiometry at fixed total current density of  
-5 mA.cm-2).15 Earlier studies by Hori et al58 suggest indeed roughly an order of magnitude higher 
partial current densities for CO relative to H2 over wide range of potentials, see Figure 2.11. 
The electrochemical reduction of CO2 was performed on polycrystalline gold electrode (roughened 
and cleaned by etching in aqua regia) in 1 bar CO2 saturated 0.5 M KHCO3 at 18°C over a range of 
potentials from -0.3 V to -1.1 V vs. RHE. The selectivity for CO formation reached even 91 % at  
-0.69 V vs. RHE, corresponding to a partial current of -3.7 mA.cm-2.58  
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Figure 2.11: Partial current densities for CO, H2 and HCOO- measured on polycrystalline gold surface plotted on the 
logarithmic scale against the normal hydrogen electrode (NHE). The measurements are performed in 0.5 M KHCO3 with pH 
7.5 at 18°C. Reprinted from58 
Recently, Kanan and co-workers explored a method for roughening the gold surface by high 
frequency oxidation-reduction pulse.59 Such pretreatment resulted in oxide-derived gold surface, as 
shown on SEM image in Figure 2.12 (a). Plot (b) indicates the Faradaic efficiency of such oxide-
derived gold towards CO evolution at potential range from -0.2 V to -0.5 V vs. RHE. Oxide derived 
gold exhibits highly selective CO2 reduction to CO in aqueous electrolyte at as low overpotential as 
140 mV. This high activity was retained during 8 hours of electrolysis. Additionally, at -0.4 V vs. 
RHE they report Faradaic efficiency of 100 % towards CO evolution. Polycrystalline gold, as well as 
other nanostructured electrodes require higher overpotentials for reaching the same activity, which 
rapidly decreases during prolonged electrolysis. Their kinetic studies indicate that the enhancement in 
activity may be linked to stabilisation of CO2 - intermediate at oxide-derived gold surface. 
 
Figure 2.12: (a) cross-sectional SEM image of oxide-derived gold surface; (b) Faradaic efficiencies for CO and HCOO- 
production on oxide-derived Au and polycrystalline Au electrodes in range of potentials from –0.2 V to –0.5 V in 0.5 M 
NaHCO3, pH 7.2. The reversible thermodynamic potential for CO is indicated with the dashed line.59 
a) b) 
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Insight into trends in activity based on theoretical modeling  
 
Nørskov and co-workers focused on a model of CO2 reduction to CH4, whereby they employ DFT to 
calculate the adsorption energies of all reaction intermediates on various transition metals.54,55 
Conversion of CO2 to methane involves transfer of eight proton-electron pairs, which results in seven 
intermediates adsorbed at the surface. Understanding of the mechanism is based on analysis of a 
seven-dimensional space. However, because of the strong correlations exisiting between the binding 
energies of adsorbates bound through the same atom, they were able to reduce the analysis to two-
dimensional space – comparing the binding energies of all adsorbates bound via carbon atom with the 
binding energy of CO and comparing the binding energies of adsorbates bound via oxygen atom with 
the binding energy of OH. Figure 2.13 indicates the scaling relations of adsorbate binding energies in 
the proposed mechanism of CO2 reduction to methane on fcc(211) facets of various transition metal 
surfaces. The plot on the left side shows the scaling relations among the first four reaction 
intermediates – *COOH, *CHO and *CH2O – plotted against the binding energy of *CO. The plot on 
the right side shows scaling relations of *OCH3 and *O plotted versus *OH binding energy. 
 
Figure 2.13: Scaling of adsorption energies on fcc(211) facets of transition metal surfaces – (a) Adsorption energies of 
adsorbates bound through carbon atom plotted against the binding energy of CO; (b) Adsorption energies of adsorbates 
bound through oxygen atom plotted against the binding energy of OH.55 
Each of the transition metal surfaces possesses a limiting potential (UL) – value representing a 
minimum required theoretical potential for the reaction step involving a single proton-electron 
a) b) 
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transfer to be exergonic, i.e. downhill in free energy. The limiting potential provides an approximate 
indication of the applied electrical potential at which that reaction step starts to have an appreciable 
rate.  
 
Figure 2.14: Limiting potentials (UL) for elementary proton-electron transfer steps in the mechanism shown in Figure 2.9 – 
(a) Reaction steps involving an addition of proton-electron pair to the reactant bound through carbon atom plotted against the 
binding energy of CO; (b) Reaction steps involving an addition of proton-electron pair to the reactant bound through oxygen 
atom plotted against the binding energy of OH. Dashed line shows the reversible potential for CH4 formation from CO2 
(+0.17 V vs. RHE). The theoretical overpotential for a given metal as catalyst can be represented as distance between the 
reversible potential and the line with the most negative limiting potential (highlighted in gray). 55 
 
On Figure 2.14, limiting potentials (relative to the reversible hydrogen electrode) for seven 
elementary reaction steps for various transition metal surfaces are plotted versus the binding energies 
of *CO and *OH. The reversible thermodynamic potential for CO2 reduction to methane is 
represented as a dashed line at +0.17 V vs. RHE. The lines with most negative limiting potentials 
determine the value of the theoretical overpotential for a given catalyst – from the plots readily 
available as the distance between the reversible potential (dashed line) and the line corresponding to 
the most limiting reactions step. Figure 2.14 suggests that the protonation of the adsorbed *CO to 
form *CHO (red line on the left hand plot corresponding to *CO + H+ + e- = *CHO) represents the 
most limiting reaction for many transition metal surfaces including Pt, Rh, Pd, Ni and Cu, as shown 
previously.50 Au and Ag possess most negative limiting potential values for the initial reaction step of 
CO2 activation to *COOH. Copper lies closest to the top of the volcano made by these two lines.  
The plot on the right hand side shows limiting potentials on various transition metal surfaces in 
relation to the intermediates bound through the oxygen atom. The values of limiting potential in all 
a) b) 
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cases are less negative than those on the reaction steps involving carbon atom bond intermediates. It is 
only for the metals with very strong binding towards *OH, such as Ni or Ir, that removal of adsorbed 
*OH may be the cause of large overpotentials. However, for most transition metals the catalytic 
effectiveness will be deterimined by the adsorbed *CO protonation.  
The analysis employed for Figure 2.14 can now be considered for understanding the general trends 
observed experimentally by Hori and co-workers15, shown in Table 2.2.  
A value of 0.88 for the slope of the line connecting the limiting potentials for reaction step 
corresponding to *CO protonation to *CHO on considered transition metals describes high 
insensitivity of the reaction energetics to electronic properties of the catalyst (CO binding energy). 
This almost horizontal line indicates that regardless of the catalyst nature, due to scaling of the *CO 
and *CHO adsorption energies, the overpotentials cannot be reduced significantly. 
In order to perform effective reduction of CO2, they propose the use of an electrocatalyst with 
stronger binding energy towards *CHO relative to the binding energy for *CO. For the materials on 
the righ side of the volcano in Figure 2.14, a possible approach could be increasing the partial 
pressure of gas phase CO. Otherwise, there should be found other strategies for decouling the binding 
energies of *CO and *CHO. Peterson et al55 suggest various decoupling strategies involving alloying, 
ligand stabilisation, tethering,  addition of promoters. All strategies rely on employing an approach to 
tackle the different geometries of adsorbed *CO intermediate and the adsorbed *CHO intermediate. 
CO in adsorbed state has a linear geometry, whereby carbon tends to bind the catalyst surface. On the 
other hand, adsorbed *CHO possesses a planar geometry. 
Alloying is often used in heterogeneous catalysis. Introduction of a solute element that has a higher 
affinity towards oxygen could preferentially stabilise *CHO without affecting the strength of *CO 
binding.  The oxophilic element should also not inhibit the OH removal from the surface. Ligand 
stabilisation is a concept analogous to alloying, often exploited in homogeneous catalysis. An 
electrophilic chemical ligand capable to interact with a planar geometry of CHO stabilising it at the 
surface. Tethering involves using a ligand at an electrode surface – providing stabilisation of CHO 
adsorbate either through surface bound CHO interacting with the ligand or its direct bond to the 
ligand. Adding promoters to the catalyst surface can affect the adsorbates binding through electronic 
and structural effects. Other proposed approaches could involve stabilisation via hydrogen bonding or 
various solvent effects.55 
Very recently, Nørskov and co-workers carried out a study, where they model the effects of 
adsorbates on binding energies of open and close-packed metal surfaces.60 Adsorbate-adsorbate 
interactions have a larger impact, in terms of overpotential reduction, on open than on close-packed 
surfaces. They find that higher *CO coverages may have a larger effect on the metals at the strong 
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binding side of the volcano, than to Au or Ag. They emphasise that  on the weak binding side, for Au 
and Ag, the relevant precursor to *CHO may rather be CO from the gas phase than adsorbed *CO. 
Additionally, breaking scaling relations between *CO and *H adsorption could decrease selectivities 
for hydrogen evolution.60  
2.2.3 Alloying as a strategy for breaking scaling relations 
 
In this work the main focus was on strategy of alloying as a concept to break the scaling of the 
binding energies of similar intermediates. This concept for stabilisation of the *CHO intermediate 
relative to the *CO by alloying a substrate metal with a solute metal of high oxygen affinity may have 
sense only for limited number of substrates. Improving the catalytic activity of copper is less 
attractive for this approach, since copper already binds oxygen strongly. In addition, copper possesses 
intermediate current efficiencies for HER, ranging from 40 % in the best case (at -1.1 V vs. RHE) up 
to 80-90 % in worst (potential region above -0.8 V and below -1.1 V)15,39. Metals that bind CO rather 
strongly, such as Pt, Ni, Fe etc. produce hydrogen with high current efficiencies in range of  
90-100 %.15,17 In this case, *CO acts as surface blocking species rather than an intermediate, since 
these metals do not possess favorable energetics for a further reduction of *CO to *CHO.  
Evidently, gold is the most noble metal among all – it does not interact with oxygen over a wide range 
of potentials.61 Moreover, gold and silver exhibit the lowest Faradaic efficiencies and hence lowest 
partial current densities towards HER among the transition metals.27,58 Moreover, the observation that 
CO is the primary product during CO2 reduction on Au is consistent with its rather weak binding 
towards CO, which would suggest that CO desorption is more kinetically facile than its further 
reduction.  
Table 2.3: Selectivity for CO2 reduction to CO on various adatom modified electrodes. Reprinted from 62. 
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There are only few examples in the literature about the use of alloyed catalyst materials for 
electrochemical CO2 reduction reaction. Hori et al62 investigated the effect of addition of small 
amount of adatoms to various substrate metals, as shown in Table 2.3. These results indicate that the 
surface alloys of gold and silver change the initial substrate activity for  CO evolution significantly, 
favoring formate production.62  
Beyond the field of CO2 electroreduction there are a large number of studies investigating the use of 
overlayer structures63-65 and core-shell nanoparticles66-70 as catalyst materials for electrochemical 
reactions. However, the true structure of these systems may not always be as expected.71-73 For 
instance, Friebel and et al.74 used X-ray absorption spectroscopy to confirm that Pt overlayer on Rh 
actually resulted in formation of three-dimensional islands, the structure which is in a better 
agreement with the measured activity towards oxygen reduction reaction. Additionally, under reactive 
conditions, bimetallic systems may modify their structure in effect of their interaction with the 
adsorbates.75-77 These rearrangements of the catalytic surfaces cause changes  in catalyst reactivity. 
Hence, it is becomes crucial to probe experimentally the surface structure under reaction conditions, 
in order to obtain have a complete understanding of the catalytic activity.  
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2.3. Electrolyte influence on catalytic processes 
 
2.3.1 Local pH effect on product distribution 
 
The influence of the electrolyte on the CO2 electro-reduction was investigated as well by Hori and co-
workers.38 They established that the ratio between current efficiencies for CH4 and C2H4 on copper 
electrodes becomes highly dependent on the working electrolyte. Production of ethylene and alcohols 
was enhanced in KCl, K2SO4, KClO4 and diluted KHCO.51 However, methane production prevailed in 
high concentration KHCO3 and phosphate buffer solutions. Noda et al performed the electrochemical 
CO2 reduction on Au in a phosphate buffer.78 However, they did not achieve as high CO evolution 
efficiencies as Hori in bicarbonate buffer electrolyte.58,78 
Different selectivities may be attributed to variations in local pH. Electrolytes possessing a low buffer 
capacity such as KClO4 and diluted KHCO3 change the pH value in the vicinity of the electrode 
surface significantly relative to the bulk pH value, as an effect of protons consumption in all reactions. 
Hence, in low buffer capacity electrolytes the electro-reduction of CO2 practically occurrs in alkaline 
envorinment. Nevertheless, electrolytes possessing a higher buffer capacity tend to have more stable 
local pH.  
The surface pH values in the vicinity of the cathode during CO2 electro-reduction in KHCO3 
electrolytes are studied by Gupta et al.79 Their results indicate significantly lower surface proton 
concentration significantly than in the bulk of the solution.  Moreover, the local pH depends on the 
total current density at the electrode and the electrolyte buffer capacity. Gupta and co-workers 
presented Figure 2.15, showing local H+ and CO2 concentration as a function of buffer strength 
(concentration of KHCO3) for current density of -5 mA.cm-2. 
From Figure 2.15, the local pH values close to the electrode surface are always higher than in the 
electrolyte bulk. The bulk pH values range from 6 for concentration of 0.03 M up to ~8 for 1.5 M 
concentrated KHCO3. The discrepancy between the bulk and the surface pH is greater when the buffer 
capacity is small, reaching more alkaline local pH values at lower KHCO3 concentrations. Studies of 
CO2 electro-reduction in varied electrolyte (KHCO3) concentrations have consistently shown 
enhanced ethylene formation in lower buffer capacity electrolytes. This is presumably a consequence 
of a higher local pH,38 however the studies do not offer a mechanistic explanation why rather ethylene 
is formed over methane in more alkaline environment. Methane production was found to be related to 
the proton activity in solution, while ethylene production does not dependent on the pH.56  
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Figure 2.15: Proton and CO2 local surface concentrations as a function of buffer strength (from 1.5 M KHCO3 to 0.03 
M KHCO3) when the CO2 reduction current is -5 mA.cm-2. Reprinted from 79. 
 
2.3.2 Non-covalent interactions 
 
The effect of presence of different cations or anions on catalysis was studied extensively for oxygen 
reduction and hydrogen evolution reactions.80-84 Their studies demonstrate how selectivities and 
activities can be varied in presence of various anions (CN- or OH-) adsorbed at the surface, or as 
function of cations (Li+, Na+, K+, etc).  
 
2.4 Brief summary of the literature overview 
 
Copper is a unique electrocatalyst that reduces CO2 or CO to hydrocarbons, however, at very high 
overpotentials of ~1 V.38,40,42 Extensive studies have shown that many factors influence the reaction 
selectivity.17,40,52 The density functional theory calculations interpret successfully the experimental 
observations on copper and other transition metal surfaces.50 Changes in their reactivity reflect poorly 
onto their activity for the most limiting reaction step, protonation of the adsorbed CO.55  Apart from a 
possibility to use highly undercoordinated surfaces as active and selective catalysts59, other strategies 
are suggested, such as bifunctional catalysis.55,85 Additionally, high surface roughness combined with 
high activity may result in large differences between the pH values at the surface and in the bulk of 
the electrolyte, being the reason for changes in selectivity.79 
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CHAPTER 3 
 
3. Experimental methods 
 
 
3.1. Approach – Bulk CO2 electrolysis at ambient conditions 
 
During CO2 reduction several reactions run in parallel, including the hydrogen evolution reaction as a 
competitive reaction. Hence, initially, our approach was focusing on what controls the activity and the 
selectivity of the catalyst at a set of fixed parameters. The parameters are numerous and include 
temperature, pressure, catalyst surface morphology, mass transport inside the cell, type of electrolyte, 
its buffer capacity as well as its pH.20,39-42  
In the case of CO2 reduction reaction it is essential to not only measure the total current densities 
(monitored by the potentiostat), but also to perform both qualitative and quantitative analysis of all the 
reaction products coming from the entire catalyst surface. With this purpose we performed bulk CO2 
electrolysis in a closed volume at room temperature and 1 bar pressure of CO2.  After a given time the 
products are collected both in gas and liquid phase, to be analysed  with suitable method and tools, 
such as gas and liquid chromatography, as well as nuclear magnetic resonance spectroscopy. 
Experiments were usually run for up to 30 minutes, in cases of low current densities up to 60 minutes.  
Longer experiments would be more challenging, due to potential catalyst deactivation due to d 
changes in surface morphology, exposure to impurities and poisoning. Furthermore, care was taken to 
carry out product analysis shortly after the reaction. Otherwise, the products could be lost due to 
various reasons like leaks in the gas system, loss of volatile products from the liquid phase and 
various reactions catalysed in acidic or basic media. 
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3.2. Electrochemical setup and cells 
 
3.2.1 The electrochemical three electrode setup 
 
The typically used setup for studying electro-catalytic reactions is the electrochemical three-electrode 
setup (see Figure 3.1), which consists of working (WE), counter (CE) and reference electrode (RE). 
The counter electrode should ideally be a highly non-polarisable electrode, so that there is no change 
in potential on counter electrode when current is passed. This is achieved either by using a highly 
reversible counter electrode or by increasing the surface area of the counter electrode relative to the 
working electrode. Since it is the current density that is the cause of the potential change, in this way 
one can ensure smaller current density on CE relative to WE upon passing the same current. 
 
Figure 3.1: Scheme of electrochemical three-electrode setup 
The reference electrode is usually made of materials with a stable standard electrochemical potential. 
Throughout this work, Hg/HgSO4/K2SO4 reference electrode was used. The changes in potential of 
the working electrode are measured with respect to the reference electrode, where there is essentially 
no current passing. Basically, there are two separate circuits, one where polarising current is passing 
(WE-CE) and another where no current is passing enabling measurement of the potential change on 
WE. However, the potential on the CE can vary independently without any influence on WE 
potential. In the current investigation, we used Bio-Logic VMP3 potentiostat with EC-Lab Software. 
The potential of Hg/HgSO4 reference electrode relative to the reversible hydrogen electrode scale was 
established in following procedure: a Pt wire was used as working electrode in 0.1 M H2SO4 saturated 
with 1 bar H2. The open circuit potential indicated the value of 0.72 V. Considering the meaured pH 
value of 1, that implies a correction of 0.66 V relative to normal hydrogen electrode (NHE).  
35 
 
To avoid the oxidation of reaction products at the CE, the working and the counter electrodes are 
separated. As shown on Figure 3.2, a simple cell for running the short-term bulk electrolysis reactions 
consists of three electrode compartments. The WE and CE compartments are separated with a proton 
conduction membrane (Nafion), which works as a salt bridge, while a small porous ceramic frit 
ensures that no contaminations come to the WE from the RE compartment.  
  Figure 3.2: Photograph of the H-cell used for the studies on polycrystalline copper electrodes (Chapter 4). 
 
The working electrode compartment is the reactor where CO2 reduction occurs. Protons are supplied 
from the CE compartment and electrons passed through the catalyst upon applied cathodic (negative) 
potentials. The inlet for the gas reactant (CO2 or CO) is connected to the gas bubbler, placed inside the 
WE compartment. The outlet is located at the top of it and the gas is transported further along the gas 
pipeline system to the gas chromatograph (GC) using a pump, as shown on Figure 3.3. The scheme on 
Figure 3.3 shows that the cell can be operated in purge and loop mode. The purge mode is used to 
remove oxygen and other dissolved gases from the electrolyte by purging with Ar or N2. In addition 
one can saturate the electrolyte with the reactant gas. The loop mode is used during bulk electrolysis. 
A flow meter mounted in the vicinity of the pump inside the look enabled the monitoring of the 
reactant gas flux. Depending on the electrolysis conditions it varied in the range from 20 to 50 
mL/min. 
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Figure 3.3: Schematic representation of the electrochemical setup connected to gas supply and online analysis systems. 
 
3.2.2 In-situ electrodeposition cell 
 
On Figure 3.2, a simple version of the H-cell used for electro-catalytic studies is shown. This cell was 
employed for studies on polycrystalline copper electrodes explained in more detail in Chapter 4. 
However, this cell was less convenient for work with alloyed catalyst (refer to Chapter 6 and 7) for 
several reasons. Adjustments to the cell were needed in order to allow the electrolyte exchange 
needed for in-situ preparation of the catalyst.86 The cell design was adapted from a cell developed for 
previous investigations at our laboratory for single crystals. Another lack of the simple H-cell design 
was the difficulty to take the aliquiots for liquid product analysis after each batch reaction. For this 
reason we implemented a more complex cell to work with alloyed catalyst (Figure 3.4) A small WE 
compartment volume (in range from 6-10 ml) enables high catalyst area to electrolyte volume ratio.  
The in-situ preparation of an alloy based catalyst required the possibility of introducing the solute 
metal solution to the cell where the solute metal would be deposited onto the substrate electrode. In 
the following step, the cell needed to be rinsed and filled with the working electrolyte. In order to 
achieve that, glass joints were added to the top and bottom of the working electrode compartment. An 
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electrolyte reservoir (glass beaker with a bubbler) was connected to the top, while an opening with a 
Teflon stopper was introduced to the bottom of the cell. These adjustments enabled saturating the 
electrolyte with a gas, passing it into the working electrode compartment for either purpose of 
electrode preparation of running the bulk electrolysis, as well as the collection of the working 
electrolyte samples after the reaction for the content analysis.  
 
Figure 3.4: Electrochemical H-cell suitable for in-situ electrodeposition and bulk electrolysis: (a) Electrolyte reservoir with 
bubbler connected to the inlet to the WE compartment ending with the outlet at the cell bottom; (b) H-cell and showing three 
electrode compartments with Au-sheet as working electrode and Au-mesh as counter electrode.  
 
3.2.3 Removal of contaminations and impurities 
 
The electrochemical reactions we are interested in are proceeding at the electrode – electrolyte 
interface. Since CO2 reduction reactions require cathodic potentials, where most of the metallic 
cations also adsorb and deposit to the surface, one must make sure that all the contaminations, organic 
as well as metallic are removed prior to the reaction from every part of the cell that is in contact with 
the electrolyte. Contaminations are preferably avoided during preparation of the glassware, electrodes, 
proton conducting membrane and electrolytes. However, most often it is necessary to apply additional 
treatments to remove the trace amounts of impurities from glassware, electrodes and electrolytes.  
a) b) 
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As organic impurities we consider different types of small molecules adsorbed on the glassware or at 
the electrode surface. The source of this type of contaminations is usually from the air (oxygen, 
hydrocarbons, etc.) or in contact with plastic, rubber or grease. Metallic impurities may come from 
various sources such as residual traces of metal cations inside electrolytes, as well as from a used cell 
residues of the working or counter electrodes. In addition, the glass itself is composed of amorphous 
phases containing metals as iron, silicon, magnesium, etc., which for instance under strong alkaline 
conditions may dissolve into the electrolyte and affect the catalyst surface during reaction. 
 
Cleaning glassware 
A standard procedure for glassware cleaning in general consists in storing the glassware inside the 
“piranha” solution (a mixture of 96 % H2SO4 and 30 % H2O2 in ratio 3:1) for 24 hours with 
subsequent rinsing in ultrapure water (Millipore Synergy Pak UV>18.2 MΩcm, 22±2ºC). This 
removes both organic and metallic impurities. Multiple rinsing and sonication in an ultrasound water 
bath at 50ºC removes the sulfates from the glassware.  
In order to remove Au or Pt from the cell, “Aqua Regia” solution, a 3:1 mixture of conc. HNO3 and 
conc. HCl was used. Prior to measurements in alkaline solution, a pretreatment was performed in 10 
M KOH prior to the “piranha” cleaning.  This was to ensure limited corrosion under less alkaline 
conditions. 
Proton membrane preparation 
For purpose of separation of working and counter electrode compartments we used proton conducting 
membranes. The ionic conductivity of Nafion based membranes is high enough to provide a fast 
transport of H+ from the CE, where they are produced in Oxygen Evolution Reaction (OER), to the 
WE compartment where they are consumed in CO2 reduction reaction. We used Nafion 117 
perflourinated membrane, 0.007 in. thick from Sigma Aldrich. The membrane is carefully cut into 
pieces of appropriate size. The pieces of membrane are then cleaned in 3% water solution of H2O2 by 
boiling for 1 hour. Afterwards, the Nafion is boiling in 0.1 M H2SO4 for 1 hour, following by several 
rinsing in ultrapure water. The membrane pieces as prepared contain an excess of protons. In contact 
with the working electrolyte, this proton excess could easily shift the pH value of the electrolyte to 
lower values. To avoiding this, the cleaned membrane pieces were sonicated for 1 hour in 0.1 M 
KClO4 solution in order to exchange the excess H+ by K+.  
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Cleaning electrolytes 
The electrolytes used for the bulk electrolysis were purchased with the highest purity available (please 
refer to the materials and suppliers list at the end of this chapter). Special attention was paid to 
preparation of clean KHCO3. For this purpose we used the pre-electrolysis cell (Figure 3.5). Ultrahigh 
purity water was saturated with 1 bar CO2 prior to the addition of the weighed amount of KOH. The 
KOH was added gradually, so that the solution does not reach high pH values and dissolves possibly 
contaminants from the glassware.  
Additionally, the metallic traces were removed by performing pre-electrolysis.15 This consisted in 
employing a three-electrode setup where the working electrode would be an auxiliary electrode, as 
shown in Figure 3.5. The auxiliary electrode is set to cathodic potentials in a stirred, CO2 or Ar-
bubbled electrolyte solution for several hours. This treatment enables fast convective transport of the 
metallic impurities to the auxiliary electrode, onto which they deposit. Subsequently, the auxiliary 
electrode is carefully taken out of the solution under potential-control.  
The pH value of the electrolytes as prepared prior to use and post-reaction was measured using a pH 
meter. 
 
Figure 3.5: Pre-electrolysis cell for preparing clean electrolyte (KHCO3). 
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3.2.4 Electrode preparation 
 
We employed a variety of methods for preparing clean catalyst materials prior to testing their 
electrocatalytic activities. The methods varied depending on the nature of the electrode material, as 
well as our major aims, such for instance obtaining certain surface morphology. Apart of common 
organic contaminations at the surface, electrodes may also contain surface or bulk metallic impurities 
due to the technology of their production or affinity to alloy to other elements. 
Polycrystalline copper – Cu: 
 
o Electropolishing (Chapter 3 and 4) – Electropolished Cu is prepared by 
electrochemical anodisation, applying a potential of +2 V between the copper 
electrode and a platinum cathode in phosphoric acid (1 M) for 20 minutes, followed 
by rinsing of the copper electrode with ultrahigh purity deionised water (18 MΩ).   
o Sputtering (Chapter 4) – Sputtered copper is prepared by argon-sputtering of an 
electropolished copper surface. High energy ionised Ar is hitting the sample atoms 
causing them to sputter off the surface. The rate of sputtering and the time determines 
the amount of monolayers removed during such procedure. Incidently, Cu sample 
was bombarded with 3 keV Ar+ ions and 4 μA emission current for 10 min, removing 
approximately 30 monolayers (~10 nm) from the surface. When the Ar+ ions hit the 
sample, they remove copper from the surface.  
 
Polycrystalline platinum wire – Pt: 
 
o Flame annealing of Pt wire removed organic contaminations from the surface. 
o Electropolishing – Pt wire is subjected to the by electrochemical anodisation by 
applying a potential of +2 V between the wire and a platinum mesh in 0.1 M HNO3  
for 20 minutes, followed by rinsing with ultrahigh purity deionised water (18 MΩ).   
 
Single crystals of platinum – Pt(111) and Pt(211): 
 
o Thermal annealing under reducing atmosphere (Chapter 5) – Disc shaped (10 mm 
diameter) single crystalline Pt electrodes were thermally annealed using induction 
heater inside an electrochemical cell purged with 5 vol. % of H2 in Ar.86-88 During this 
process the temperature was monitored and kept below the melting point of Pt.  
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Copper overlayers on platinum single crystals – Cu/Pt(111) and Cu/Pt(211): 
 
o Cu underpotential deposition (Chapter 5) – Copper  was deposited from a 3 mM 
Cu(ClO4)2 solution in 0.1 M HClO4 by performing cyclic voltammetry and holding at 
0.4 V vs. RHE for several minutes.  
 
Polycrystalline gold – Au(pc): 
 
x Disc shaped polycrystalline gold electrode (diameter  5 mm) for RDE studies (Chapters 6 
and 7) and smooth gold sheet (Chapter 6 - Section 6.2):  
o Flame annealing consisted in heating up the gold disc or sheet to high temperatures 
to remove organic contaminations from the surface by burning them. The procedure 
was conducted in darkness for better visibility of the red glow in order to avoid 
melting the gold crystal.  
o Electrochemical anodisation involved applying +10 V to the gold disc or sheet 
relative to Au mesh counter electrode in 0.1 M H2SO4 for 10 seconds, followed by 
immersion of the Au sheet in 0.1 M HCl to reduce the oxidised parts of the surface. 
 
x Polycrystalline gold sheet (Chapters 6 and 7): 
o Chemical etching in “aqua regia” solution prepared from highest purity acids (conc. 
HCl : conc. HNO3 in ratio 3:1 ) for 30 seconds. 
 
Bulk alloy Au3Cd (Chapter 7):  
 
o Polishing – As received Au3Cd sheet was polished using 0.25 mm grain size diamond 
paste on a MD Nap cloth (further details in the list of materials and suppliers at the 
end of this chapter). After polishing the sample was unltrasonicated in acetone, 
ethanol and ultrahigh purity water multiple times. 
o Sputtering – The procedure involved bombardment of the Au3Cd sheet with 1 keV 
Ar+ ions and 1 μA emission current until no carbon or oxygen contamination were 
observed, which usually lasted for 20 min. The UHV sputtering setup is shown in 
Figure 3.6. 
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Figure 3.6: Sputter cleaning of the electrode in an ultra-high vacuum (UHV) chamber 
It was essential to immerse the freshly sputter-cleaned Au3Cd under potential control, 
meaning that immediately before that all electrodes, reference and counter were set in 
place, as well as an additional clean gold wire in working electrode compartment – 
serving as an auxiliary working electrode to stabilise the potentiostat. The potential 
was set to 100-150 mV below the reversible Cd dissolution potential at a given pH. 
The Au3Cd sheet is introduced under these conditions, so that no surface cadmium is 
lost upon contact with the electrolyte. Upon immersion of the sheet, the auxiliary gold 
wire was removed from the working electrode compartment so that the cell can be 
further utilised for electrolysis. 
 
Surface alloy Cd/Au – (Chapter 7):  
 
o Cd underpotential deposition – A polycrystalline gold sheet, prepared as described 
above, was cycled in Ar-saturated 0.1 M H2SO4 to improve its cleanliness and obtain 
an estimation of the surface area. Although the electrolysis measurements are carried 
at pH 7 for CO2 reduction in bicarbonate and pH 13 for CO reduction in KOH, Cd  
can only be deposited at pH below 7 (Cd is insoluble at pH above 7).37  In order to 
maintain potential control, the electrolyte in the reference and counter compartments 
could be not be exchanged.  Within these two latter compartments, a 0.25 M 
phosphate buffer was used (0.25 M K2HPO4 + 0.25 M KH2PO4).  An Ar-saturated 
solution of 0.1 mM CdSO4 dissolved in 0.1 M H2SO4 was introduced into the 
working electrode compartment and potential was cycled between +0.74 V and 0 V 
or -0.05 V vs. NHE, as shown in Figure 3.7. The deposition potential, hold time and 
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scan rate were chosen emipirically in order to achieve a specific coverage of Cd. A 
low Cd concentration in solution means that a longer hold time may be needed to 
achieve the same deposition charge, which is correlated to coverage based on the 
surface charge estimations obtained for Cu upd on Au, shown in Figure 6.2. For 
achieving very lower Cd coverages, a fast scan rate was used.  
 
Figure 3.7: Cyclic Voltammograms of underpotential deposition of Cd on polycrystalline Au electrode 
in solution containing 0.1 mM CdSO4 in 0.1 M H2SO4 (red line) and reference CV of polycrystalline 
gold in Cd-free 0.1 M H2SO4 solution (black line). Integrated oxidation charge of Cd2+ normalised for 
the geometric area and roughness factor of electrode indicates the coverage of Cd at the surface, 
corresponding to ca. 0.1 monolayer of Cd on Au. Specific charge for a monolayer obtained in 2 electron 
process is established in Figure 6.2, Chapter 6. Roughness factor of Au(pc) used here was 1.5. 
 
Following this, the potential is held at certain value and a Cd-free 0.1 M H2SO4 is 
passed through the working electrode compartment of the cell. Aprroximately  100 
mL of Ar saturated Cd-free solution was passed through the cell, to ensure complete 
Cd2+ removal from the inside of the cell. Following this, oxygen-free working 
electrolyte (KHCO3 or KOH) was introduced at potentials where Cd would be stable 
at the working pH.  
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High surface area catalysts – (Chapters 6 and 7): 
 
x Au nanoparticles – Various inks were prepared containing different amounts of 5 nm Au 
particles dissolved with Nafion and isopropanol. The ink was sprayed onto carbon cloth and 
dried in Ar purge. Au nanoparticles were prepared by Ana Sofia Varela. 
 
x Oxide derived Au – Following instructions for preparation from work of Chen et al59. 
Preparation of oxide-derived Au was carried out by Arnau Verdaguer-Casadevall.  
 
x Nanoporous gold leaves – Following and adapting the instructions from work of several 
groups.89,90 Gold-silver alloy (in ratio 1:1) shaped in 100 nm thin leaf was initially rolled onto 
a polycrystalline gold rod. Silver was leached out by various methods – either by using conc. 
HNO3 leaching or by electrochemical cycling in 0.5 M HNO3.   
 
 
 
 
 
 
 
 
 
 
 
  
45 
 
3.3. Electrochemical techniques for electrode characterisation and catalytic 
activity testing 
 
3.3.1. Cyclic Voltammetry 
 
Pre- and postreaction electrode characterisation is a crucial step in understanding the catalytic results. 
In general, one can use a variety of techniques to prove the cleanliness of the catalyst surface, the 
oxidation state of the elements, bulk crystallographic structure, as well as the surface morphology 
including the possibility to estimate the surface area.  In this section particular attention is paid to 
electrochemical, UHV and microscopy techniques used for catalyst characterisation in this work. 
Cyclic voltammetry is an electrochemical technique widely used for electrode characterisation. It 
consists in sweeping the potential along a triangular wave between two values using a certain scan 
rate (dU/dt) while measuring the current response (see Figure 3.8). The outcome current comes as 
consequence of all the processes occurring at electrode at a specific potential. A positive current is 
recorded if the processes at the working electrode assume net shuffling of electrons in direction from 
the WE to the CE. Similarly, negative currents are measured in a CV if the processes occurring on the 
WE involve transfer of electrons from its surface. This means that not only processes of oxidation or 
reduction of the electrode surface are possible to identify, but also all other processes that involve 
transfer of electrons such as oxidation or reduction of atoms (metals) or molecules (gases or organic 
impurities), electrolyte adsorption, surface reconstructions, as well as changes in double layer 
capacitance.  
 
Figure 3.8: Cyclic Voltammetry - Potential waveform. The slopes of the lines are determined by the scan rate. Figure 
reprinted from.91 
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This is a very powerful technique since under certain conditions (fixed set of parameters) one can 
isolate the object of the study and use the CV as a fingerprint of the studied surface under given 
conditions.  In electrocatalytic studies we used it widely to qualitatively (cleanliness) and 
quantitatively (surface area) characterise the catalyst surface, clean it from organic impurities or use it 
as a tool for surface roughening at very high scan rates. However, cyclic voltammetry can be as well 
used for studying catalyst activity, for example for the oxygen reduction reaction.92  
 
3.3.2. Surface Area Measurements via Electrochemical Impedance Spectroscopy 
 
As alternative to upd methods used for surface area estimations of pure metals, we present here a 
technique used for estimations of surface area on bimetallic surfaces. The electrochemical impedance 
spectroscopy (EIS) is a non-invasive and very sensitive method for investigation of the solid-
electrolyte interface. The principle we use in accessing the roughness factor using the EIS is based on 
measurement of the capacitance of the double layer for a given electrode-electrolyte system. The 
double layer capacitance depends on electrolyte, its concentration, pH and possibly as well on the 
dissolved gases. On the other hand, it also depends on the nature of electrode, its potential and its 
roughness, i.e. surface area.93  
The electrochemical impedance spectroscopy measures the system response to the application of a 
small periodic ac signal. The measurements are performed at different ac frequencies. The 
interpretation of the system response contains information about the electrode-electrolyte interface, its 
structure and the reactions taking place there. In short, the system response is plotted as Nyquist plot, 
shown in Figure 3.9. 
 
Figure 3.9: Nyquist plot Equivalent circuit used for the data analysis and parameters fitting. Inset figure reprinted from94. 
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To interpret the Nyquist plot, we used a suitable equivalent electric circuit consisting of a resistor 
(solution resistance) connected in series with the constant phase element (CPE), modelling the 
behaviour of the double layer and a resistor (charge transfer resistance) in parallel, as shown in the 
inset of the Figure 3.9. The solution resistance can be obtained from the x-axis of the Nyquist plot. 
Charge transfer resistance can be deduced from the radius of the semi-circle. The impedance (Z) is 
expressed through the following equation: 
 
Z = Q-1(jω)-a      (3.1) 
 
whereby Q is the pre-exponential parameter of the CPE, which is proportional to the double layer 
capacitance of pure capacitive electrodes, the exponent a is a parameter (0.5 ≤ a ≤1). The EIS data 
analysis was performed with the built-in EC-Lab software (EIS, Z fit). The quality of the fit was 
estimated via the rootmean-square deviation.95 
 
3.3.3. Chronoamperometry 
 
In general, the catalyst activity can either be expressed in terms of potential at which a certain current 
density is achieved, as often reported by Hori and co-workers15, or in terms of current densities at a 
given potential. The measurement is carried out by holding the potential during a certain reaction 
time, while the current is recorded. This techniques is called chronoamperometry and it was used 
through this work. On the other hand, the advantage of using chronopotentiomentry (where a current 
is set and the potential is measured) is based on having a fixed current density at the electrode surface 
which ensures the same ohmic losses for various types of electrodes regardless their morphology or 
composition. As well, it means that the effects of electrolyte, its buffer capacity and local changes in 
pH are the same.  
Prepared for the catalytic studies, the catalyst material was placed into the working electrode 
compartment, attached  to a wire (0.5 mm diameter) of same nature as the studied electrode (cathode). 
As counter, usually a Pt or Au mesh were used. The potential was measured relative to a Hg/HgSO4 
reference electrode. The electrode potential was corrected for the IR drop between the ceramic frit 
separating the reference electrode and the cathode compartment.  
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3.3.4 Ohmic losses corrections of potential 
 
The accuracy of measuring the potential during electrolysis may to great extend be affected by the 
electrolyte resistance. The drop in voltage created between the working and the reference electrode is 
proportional to the current passing at the working electrode. In order to produce high enough 
concentrations of liquid products to meet the detection limits of the analysis methods, the total 
average currents during electrolysis were sometimes reaching rather high values of ca. -50 mA. 
For estimating the solution resistance in this work we employed the potentiostatic electrochemical 
impedance spectroscopy. This method consists in performing the EIS measurement at the ac 
frequency where other contributions of impedance can be neglected and only resistance is measured. 
By sweeping the frequency from 50 Hz to 1 MHz at open circuit potential we obtained a particular 
case of the Nyquist plot, from which we extrapolated the value of the frequency relevant for resistance 
measurement to be 3 kHz. Using this value, typically measured values for the solution resistance are 
in range of 16-17 Ω (for 0.1 M KHCO3) and 7-8 Ω (for 0.5 M KHCO3).   
The potentiostat was set to automatically correct for the 85 % of the ohmic losses, whereby the rest 
must be corrected afterwards using equation 3.2: 
௖ܷ௢௥௥ଵ଴଴Ψ ൌ ௖ܷ௢௥௥଼ହΨ െ ͲǤͳͷܫܴ௦௢௟   (3.2) 
The equation 3.2 shows that a lack of correction assuming high average currents would give rise to a 
discrepancy between the measured and the real potential in the range of ca. 0.4 V in case of higher 
and even up to even 0.8 V in case of lower electrolyte concentration.  
Accurate determination of the  actual working potential is crucial for comparing the data among 
various research groups.96 
 
3.3.5 Calculations of the activity and the selectivity  
 
Catalytic activity – Partial current density – j / mA.cm-2 
 
The values for partial current densities are obtained using Faraday’s law of electrolysis, which 
correlates the amount of the product formed during the bulk electrolysis (in moles) to the charge 
transferred in the process: 
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݊௜ ൌ ொ೔௭ி          (3.3) 
whereby ni -  represents the amount of product in moles, Qi – charge used to produce the product, z -  
number of transferred electrons for obtaining one molecule of the product and  F – Faraday constant 
being 96485,34 C/mol.  
From Faraday’s law and equation 3.4:  
ܳ௜ ൌ ܫ௜ݐ ൌ ݆௜ ௚ܵ௘௢௠ݎݐ        (3.4) 
whereby: ji represents the current density, Sgeom – geometric surface area of the electrode, r – 
roughness factor and  t – time, follows the expression for the partial current density (ji) corresponding 
to product i:  
݆௜ ൌ ௡೔௭ிௌ೒೐೚೘௥௧    (3.5) 
whereby we access ni from the product concentration in gas or liquid phase (described separately for 
gas and liquid analysis in following sections).  
Partial current density is hence the current consumed in order to form a certain product per unit of the 
catalyst active area. It describes the activity of the given catalyst for the formation of a certain 
product. 
 
Selectivity – Faradaic efficiency - ε (%) 
Observing a partial current density with respect to the total current density within a single reaction 
one may obtain the current efficiency or so called Faradaic efficiency, since it is attributed only to 
Faradaic currents from the electrolysis process. It does not take into account other usually much 
smaller currents, which correspond to surface adsorption – desorption processes. 
For the calculation of the Faradaic efficiencies (εi) for various gaseous products we used the following 
equation: 
ߝ௜ሺΨሻ ൌ ௝೔௝೟೚೟    (3.6) 
The total current is the average current during the bulk electrolysis, obtained as ratio of total charge 
and time of reaction per unit active surface area.  
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3.4 X-ray Photoelectron Spectroscopy (XPS) 
 
X-ray Photoelectron Spectroscopy (XPS) is commonly used technique for surface characterisation. It 
is based on the photoelectric effect, whereby a photon of certain energy hits the sample and interacts 
with its electrons. The electrons are then emitted outside the sample with kinetic energies that can be 
measured.8 More precisely, an X-ray source with two lines – Mg Kα (hν =1253.6 eV) and Al Kα 
(hν=1486.3 eV) generates an incident X-ray beam, which has a large depth of penetration into the 
sample. The X-rays excite the electrons with different binding energies deep in the sample below the 
vacuum level (see Figure 3.10 a). One can use a detector to measure the kinetic energy distribution of 
the electrons emitted from the sample. From this measured kinetic energy one can determine the 
electron binding energies using following equations: 
ܧ௞௜௡ ൌ ݄߭ െ ܧ௕௜௡ െ ߶௔௡௔௟௬௭௘௥  (3.7) 
Even though the X-rays used in the measurements penetrate several nanometers into the sample, 
according to the universal curve (Figure 3.10 b), the emitted electrons have the mean free path of only 
0.5 – 2 nm. This is the reason why XPS is a very surface sensitive technique, since only these 
electrons originating from few atomic monolayers can be detected.  
XPS is very useful for identifying the surface composition: it gives the surface density of electrons at 
a specific binding energy, which is a unique characteristic for an electron transition inside an element.  
As well, XPS provides information about the oxidation state of an element, since its core level 
electrons binding energy is dependent on the chemical environment around the atom. 
 
Figure 3.10: (a) Photoelectric effect – Electron obtains kinetic energy upon its interaction with a photon of energy hν. EB is 
binding energy and EF is Fermi level. Reprinted from97 (b)Universal curve – electron mean free path. Figure adopted from98. 
a) b) 
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Angle resolved XPS (AR-XPS) 
 
Furthermore, the surface sensitivity of an XPS measurement can be tuned by varying the angle 
between the X-ray incident beam and the normal to the sample. By changing the angle one is 
influencing the effective mean free path of electrons, hence, recording the kinetic energies of 
electrons from different penetration depths (Figure 3.11). Based on this principle, it is possible to 
make a non-destructive depth profile of the sample. The data collected at all angles are converted into 
a sample depth profile.  
 
Figure 3.11: Angle Resolved XPS -Scheme representing the relationship between the incident beam angle and the depth of 
the probed electrons. Adapted from99. 
   
Equipment details: The XPS equipment (Sigma Probe, Thermo Scientific) uses monochromated Al 
Kα line as X-ray source and a six channel detector for the detection of emitted electrons. 
 
  
52 
 
3.5. Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy provides the possibility of imaging the surface. An SEM measurement 
consists in irradiating the sample in an ordered manner with a beam of high-energy electrons (primary 
electrons). As an effect of the interaction between the primary electrons and the sample, the secondary 
electrons are emitted along with the backscattered electrons. The secondary electrons come from the 
near surface region and contain topographic information about it. They can be used to generate an 
image of the sample surface (Figure 3.12). 
Equipment details: This thesis contains images obtained using an FEGSEM 200F digital scanning 
microscope.  
 
Figure 3.12: Electron beam – sample interaction in Scanning Electron Microscopy. 
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3.6. Qualitative and quantitative products analysis 
 
The information about the catalyst selectivity, thus on partial activities towards specific compounds in 
relation to CO2 reduction, relies on identification, detection and quantification of all reaction products. 
A valuable indication of the accuracy of product quantification is obtaining the full total balance 
between the integrated charge measured by potentiostat and the charge that would be necessary for the 
formation of all the detected gaseous or liquid molecules.  There are several techniques that can be 
used for analysis of CO2 electro-reduction products100 in order to access the total charge such as gas 
chromatography (useful for identification of gaseous products like hydrogen and hydrocarbons, as 
well as oxygenated products as alcohols, aldehydes or ketones in connection to the headspace analysis 
equipment), liquid chromatography (useful for quantification carboxylic acids, as well as alcohols) as 
well as nuclear magnetic resonance spectroscopy (useful for all products, especially identification of 
new products).  
 
3.6.1. Gas phase product analysis 
 
The major gas phase products of the bulk CO2 electrolysis are hydrogen, carbon monoxide and 
hydrocarbons, among them mostly methane and ethylene. In this study, these were detercted using gas 
chromatography. The most important feature of the gas chromatography as analytical technique is a 
good separation of the products and their quantification with rather high sensitivities.100  
Figure 3.13: Gas Chromatograph – schematic representation of the analysis principle. Figure from101 
 
The separation process takes place inside the column and it is based on principles of chromatography, 
whereby different species possess different retention times due to their interaction with the material 
inside the column, also known as stationary phase. After performing the bulk CO2 electrolysis, a small 
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fraction of the gas mixture containing the gaseous products is injected into the GC loop and carried to 
the column with the carrier gas (inert gas as He or Ar), which represents the mobile phase.  
The compounds with weaker interaction with the column material are retained shorter, while 
compounds with stronger interaction with the stationary phase stay longer in the column. In order to 
provide the best separation of the gas mixture, one can vary the retention times by changing the 
temperature of the column or the flux of the carrier gas. The columns have length of ca. 30 m giving 
enough time for all the gas molecules to interact with the stationary phase. Following the column an 
appropriate detector should be used for an optimal quantification (see Figure 3.13). 
There are two different detectors used in our setup: 
1. Thermal Conductivity Detector (TCD) – The principle of detection is based on measuring 
the changes in thermal conductivity of the mobile phase, i.e. changes caused by dissolving the 
sample inside the carrier gas relative to its own thermal conductivity. This detector was 
employed for detection of hydrogen and CO as products and as well oxygen and nitrogen in 
case they would leak in from the air. In principle, this detector can be used for organic 
compound detection as well. 
2. Flame Ionisation Detector (FID) – Organic compounds, such as alcohols, aldehydes and 
hydrocarbons are detected using FID. The mobile phase is exposed to H2 flame, by which the 
gas compounds become ionised and measured in that form. Since this is a destructive method, 
it is preferable to analyse the gas first using TCD followed by FID. 
 
Calibrations and interpretation of the data 
 
The area of the detected signal for each product is linearly proportional to its gas phase concentration. 
We calibrated the GC using corresponding calibration mixtures: 
x For hydrogen we used 5%H2 in Ar (supplier AGA). 
x For CO and hydrocarbons we used a mixture of 1% CO, 0.2%CH4, 0.25% C2H4, 0.15% C2H6, 
0.15% C3H8 and 0.1% C3H6 (from supplier AGA). 
The calibration of products for quantification purposes was performed by passing the calibration gas 
mixtures (of known concentrations) through the electrochemical cell in use at a fixed flux, set 
previously by choice of suitable gas inlet pressure and pump power. We injected the samples while 
having the sample gas in the loop mode, whereby the pump is used to establish the circulation of the 
sample gas with a constant flux. In such way, the coefficients for 1% (volumetric) are obtained for all 
products. Higher value of the Ki(1%) means better sensitivity for that specific product.  
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The volumetric concentration xi is expressed by equation 3.8: 
ݔ௜ ൌ ஺೔௄೔ሺଵΨሻ    (3.8) 
whereby Ai  represents a signal measured by gas chromatography for a specific product i and Ki(1%) 
the calibrated value for each product for 1% volumetric concentration. 
For gaseous products ni is calculated from: 
݊௜ ൌ ݔ௜݊௧௢௧    (3.9) 
whereby the total amount of the gas must fulfil the ideal gas law: 
݊௧௢௧ ൌ ௣௏೒ೌೞோ்     (3.10) 
In this equation: p – pressure, Vgas – gas phase volume circulating through the electrolyte inside the 
cell, R – universal gas constant and T – temperature. Vgas is calculated as difference between the total 
system volume and the volume of electrolyte inside the cell.  
For obtaining a full total balance between the gaseous and liquid products of one reaction, the 
electrolysis was performed as batch experiments in a closed system with a specific volume. An 
accurate calculation of all the Faradaic efficiencies, hence all the partial current densities relies on a 
good estimation of the volume of the system. 
To obtain an accurate value of the system volume, which assumes the headspace volume inside the 
cell and all the tubings, flow meter, pump as well as the GC loop volume. We accessed this value by 
performing the hydrogen evolution reaction on polycrystalline Pt wire in Ar-saturated 0.1 M H2SO4 
(since we adopt its Faradaic efficiency on Pt is 100 % towards hydrogen evolution).  
At the constant flux, the gas phase volume for a specific cell can be calculated following equations 
shown below:   
ܳுଶ ൌ ݊ுଶݖܨ    (3.11) 
݊ுଶ ൌ ݔுଶ ௏೒ೌೞ௏೘     (3.12) 
ݔுଶ ൌ ஺ಹమ௄ಹమሺଵΨሻ    (3.13) 
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By plugging all in, one obtains: 
    ܣுଶ ൌ ܳுଶ ோ்௄ಹమሺభΨሻ௣௏೒ೌೞ௭    (3.14) 
Recording the hydrogen signal data from the gas chromatograph (TCD) against the total reaction 
charge provides a linear dependence  with a slope containing information about the volume of the gas 
phase (Figure 3.14, Equations 3.14 and 3.15).  
௚ܸ௔௦ ൌ ோ்௄ಹమሺభΨሻ௣௭ఈ    (3.15) 
Figure 3.14: Experimental determination of the reactor volume - calibration plot –intergrated signal of H2 detected by GC-
TCD produced on a Pt wire at -0.5 V vs. RHE assuming its 100 % selectivity towards the hydrogen evolution reaction, 
plotted versus the total reaction charge. The derivation of the physical meaning of the slope is obtained using equations 3.11 
– 3.15). 
Equipment details: 
As previously shown on Figure 3.3, the electrochemical cell as a reactor was connected directly to the 
gas chromatograph (GC). We used gas chromatograph of type Agilent 6890. The front and back inlets 
are connected to the sample loop, which injects a volume of 250 μL of sample into the column. We 
used two different columns, one of type HP/Molesieve for separation of H2, O2, N2 and CO and 
another of type SUPEL-PLOT/Q for the separation of all the hydrocarbon species such as CH4, C2H6, 
C2H4, C3H8 and C3H6. 
Following separation, the products continue towards detectors. For detection of H2, O2, N2 and CO we 
employed the thermal conductivity detector, while for the hydrocarbons a flame ionization detector is 
used. 
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3.6.2. Liquid phase product analysis 
 
Apart from the gaseous products, electrocatalytic reduction of CO2 gives products in liquid phase, 
however with generally low current efficiencies, meaning that only very small concentrations are 
produced. On pure polycrystalline Cu or Au, the liquid product which is produced at the highest 
efficiency is formate.15,39,58 Other products observed include carboxylic acids aldehydes, alcohols, and 
ketones.  Consequently, not one single method can be used to detect all products.100  
In case of liquid products, the value for ni related to calculations of activity and selectivity is obtained 
from concentration of the product and the volume of used electrolyte: 
݊௜ ൌ ܿ௜ ௘ܸ௟    (3.16) 
Whereby ci  represents the concentration of the product in the liquid phase (determined using one of 
the methods described below) and Vel is electrolyte volume.  
To access the catalytic activities towards different products partially, one must produce all products 
with concentrations higher than the detection limits of the analysis method. Comparing the equations 
3.4 and 3.16, one can easily conclude that there are three major parameters influence the 
concentration of liquid products in solution: total reaction charge (at constant j dependent on the 
electrode roughness factor and the reaction time) and the electrolyte volume. The minimum 
electrolyte volume is fixed by the analysis equipment. Hence, either high surface area catalyst or 
longer reaction times may ensure meeting the required concentrations, necessary for the reproducible 
and reliable product analysis. Electrolysis extended in time may provide enough high products 
concentrations, however, this also introduces possibilities for other, unwanted processes, such as 
catalyst deactivation. It becomes clear that having high roughness factor catalyst would ensure 
reaching the detection limits of our methods and the accuracy of the quantitative analysis. 
In this study, three different techniques were used for the detection of liquid products, high 
performance liquid chromoatography, static headspace gas chromatography, both of which were 
carried out in-house, unlike the nuclear magnetic resonance spectroscopy. 
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I - High Performance Liquid Chromatography (HPLC) 
 
In this study, liquid chromatography has been employed primarily for detection of carboxylic acids, 
such as formic and acetic acid.  
Figure 3.15: Flow chart of the HPLC (high performance liquid chromatograph) system. Figure reprinted from102. 
Similarly to the gas chromatography, liquid chromatography relies on interaction between the 
stationary and the mobile phase, whereby here the mobile phase is liquid.  
The principle of separation of the products in liquid phase depends on the column in used, in our work 
it was based on different polarity of the compounds. A small amount of liquid (1-10 μL) is sampled 
from the 2 mL sample vials by the needle. The needle injects the aliquot to the mobile phase which 
passes through the column for products separation (follow Figure 3.15).  A good separation is 
achieved by setting the optimal values for temperature of the column, flow of the mobile phase, as 
well as its composition, pH value, etc.  
Upon leaving the column, the separated compounds should be detected by an appropriate type of 
detector. In this work, two types of detectors were used: 
x Diode Array Detector (DAD) – The principle behind compound detection is based on the 
differences in their UV or visible light absorption. This detector contains an array of 
photodiodes, which enable obtaining information from a wide range of wavelengths. This 
type of detection is suitable for unsaturated compounds having strong absorption in UV 
region. However, this detector does not show very good sensitivities towards alcohols.   
x Refraction Index Detector (RID) – The differences in refractive index between the mobile 
phase and the sample allow the detection and quantification by this method. Figure 3.16 
shows a beam of light shining onto a dual compartment flow cell. Through one of the 
compartments flows the pure eluent with its reference refraction index. Through the other 
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compartment flow both the eluent and the eluate (the mobile phase). A signal is obtained 
when a difference in refraction indices is measured.  
 
Figure 3.16: Principle behind detection in Refractive Index Detector (RID) in HPLC system. Figure adapted 
from103 
Calibrations of the HPLC  
The peak area in liquid chromatography is proportional to the compound concentration. We calibrated 
the HPLC using known concentrations of various possible products such as carboxylic acids (formic 
and acetic), alcohols (methanol, ethanol ) in our working electrolyte (0.5 M KHCO3 or 0.1 M KOH). 
Equipment details: HPLC used for data in this thesis is of type Agilent 1200 Series equipped with an 
autosampler, degasser, quaternary pump, as well as both refractive index and diode array detectors. 
We used column purchased from BIORAD, Aminex HPX-87H. Samples were analysed both at room 
temperature and slightly elevated temperatures (30ºC) using 0.005 M H2SO4 as eluent at flow rate of 
0.6 mL/min. Injection volume was 30 μL. 
Formaldehyde detection 
Formaldehyde is a challenging product for detection. The use of HPLC for detection of trace amounts 
of formaldehyde may be feasible, however, it relies on applying a derivatisation method. Namely, 
aldehydes are reacted with an aromatic compound with a strong signal in UV-VIS region, which 
ensures high sensitivity of detection.104 Such typical reaction with a 2,4-dinitrophenylhydrazine 
(DNPH) is shown in Figure 3.17.  
 
Figure 3.17: Principle reaction behind the derivatisation method for aldehydes detection. 
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However, in our case, analysis of formaldehyde in an alkaline solution posed an additional challenge, 
since many organic reactions could occur  simultaneously – of which the most prominent could be a 
base catalysed disproportionation reaction.105,106 
 
II Static Headspace Gas Chromatography 
 
Specifically for the current thesis, we established the use of static headspace gas chromatography at 
our laboratory.  This allows quantitative analysis of the volatile organic compounds with very high 
sensitivities, similar to those of dynamic purge and trap analysis107. The detection limits of this 
method can be optimised to reach concentrations of several μM for compounds such as methanol, 
ethanol or acetone. The technique is rather simple since it does not involve any extraction nor 
concentration methods. It is based on sampling the volatile compounds directly from the headspace 
over a liquid sample inside the vial, which makes it both less time consuming and inexpensive. 
A typical sample for this technique is prepared in a vial of specific volume, which contains liquid 
sample and the headspace above. A liquid sample is placed into the vial directly from the cell 
following the reaction. The volatile compounds start to diffuse into the gas phase immediately even at 
room temperature. The vial is heated up to a higher temperature but below the boiling point of water 
(80-95ºC) and kept for certain amount of time until the equilibrium between the vapor and the liquid 
is reached. Following this, the gaseous sample is taken from the headspace of the vial and injected 
further to the GC column), where the separation and detection of the components occurs. Once the 
products are out of the column they are analysed, in this case with an FID detector (schematically 
shown on Figure 3.18). 
 
Figure 3.18: Headspace sampler in connection to the gas chromatograph. Reprinted from108 . 
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The best performance of this technique is achieved considering careful sample preparation and 
optimal equipment settings. The key issue related to the instrument settings is how to achieve the 
maximum concentration of the volatile compounds in the headspace of the vial.   
An optimal choice for sample preparation should maximise the concentrations of the volatile 
components in the gas phase and minimise the undesired contaminations from other compounds in the 
sample matrix. The equilibrium concentration distribution of the analyte between the liquid and the 
gas phase is given by the partition coefficient, defined as ratio of liquid and gas concentration of a 
given compound. Hence, low values of partition coefficient mean that the compound will tend more 
readily to leave the liquid and move into the gas phase, resulting in relatively low limits of detection. 
On the other hand, the components with high partition coefficient values will have relatively low 
response and result in high detection limits. Partition coefficient can be lowered by changing the 
temperature where the vial is equilibrated or by adding some salts into the sample matrix.107 
 
Calibrations for the static headspace analysis 
On Figure 3.19, a typical chromatograph obtained during the calibration of the FID signal area for 
mixture of products of 0.1 mM concentration. The initial spike corresponds to trace amounts of H2 
and CH4 dissolved in the aliquot. The retention times of the products are as follows: methane (2.4 
min), methanol (3.9 min), acetaldehyde (4.2 min), ethanol (7.5 min), acetone (10.5 min), n-propanol 
(22 min), see Figure 3.19. Figure 3.20 provides a full calibration obtained for the major volatile 
products possibly emerging in the liquid phase – methanol, acetaldehyde, ethanol, n-propanol and 
acetone, at four different concentrations, dissolved in 0.1 M KOH matrix. 
Figure 3.19: Static headspace analysis - FID chromatograph of calibration for mixture of products at 100 μM concentration 
in 0.1 M KOH matrix. 
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Figure 3.20: Static headspace analysis – calibration lines for various products in 0.1 M KOH matrix. 
 
Additionally to these calibrations, we provide a test electrolysis measurements on an electropolished 
polycrystalline copper electrode under various reaction conditions: (a) CO2 reduction reaction in  
0.1 M KHCO3 at -1.1 V vs. RHE (potential was chosen from Figure 2.9, where as reported by Kuhl et 
al39,  Cu produces significant amount of ethanol, n-propanol, allyl alcohol and trace amounts of 
acetaldehyde, acetone and methanol); (b) CO reduction in 0.1 M KOH at -0.75 V and (c) -0.35 V vs. 
RHE. 
Plot (a) in Figure 3.21 shows the overall comparison of the three chromatograpy analyses. The most 
pronounced feature at this plot corresponds to methane, forming a peak at retention time of 2.4 min.  
The initial spike corresponds possibly to the trace amounts of H2 dissolved in the aliquot.  
Plots (b)  in Figure 3.21, however, provides a clearer insight into the liquid phase products. We 
observe many of the same products as those reported by Kuhl et al, collected under similar 
conditions.39 CO2 reduction at -1.1 V (blue solid line) on electropolished Cu(pc) showed ethanol, 
acetone, acetaldehyde and few other peaks, as expected. Chromatographs obtained after CO reduction 
at less negative potentials (red and black solid lines), also show clear detection of acetaldehyde and 
ethanol. 
These test results confirm the capability of the technique to detect and quantify accurately the volatile 
organic compounds at low concentrations. The same method was employed further on in Chapters 6 
and 7 on Au and alloyed Au samples. 
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Figure 3.21: The example of use of high sensitivity static headspace analysis connected to the flame ionisation detector (gas 
chromatograph): (a) Chromatograph made on aliquots from CO electrolysis at -0.35V, -0.75V and CO2 electrolysis at -1.10V 
on polycrystalline Cu electrode. (b) a zoomed chromatograph with sharp features with corresponding products confirming 
high sensitivity of this method. 
Equipment details: We used the Agilent Headspace Sampler 7694E in connection to our GC of type 
Agilent 7890A.  
a) 
b) 
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III Nuclear Magnetic Resonance Spectroscopy (NMR) 
 
Quantification of liquid phase CO reduction products in alkaline media 
 
NMR spectroscopy is a unique technique for identification of the compounds, based on the magnetic 
properties of a given nuclei. In particular 1H-NMR, spectroscopy allows the identification of different 
types of protons on a given sample.  Moreover, the signals observed in NMR are proportional to the 
concentration of each compound, so it facilitates an acceptable quantification of almost all compounds 
with low detection limits. For this reason we employed 1H-NMR spectroscopy as means of 
quantification of the products from CO electro-reduction in alkaline media. This study involved strict 
considerations of cleanliness, use of internal standards and chemical shift references, sample shipping 
and preparation, as well as obtaining the calibration curves for some of the most interesting products 
and detection and quantification on the unknown samples.  
Cleanliness: it turns out that NMR was able to detect traces of organic impurities coming from 
fingerprints, various types of plastics, gloves, etc. For purpose of obtaining clean spectra, all the 
glassware, weighing cups, plastic pipettes and tubes used for accurate measuring, weighing and 
storage of standard solutions should be cleaned of organic impurities (glassware best by using 
previously described method with piranha solution; plastics by multiple sonication in heated ultrapure 
water).  
NMR - sample preparation – internal standard:  
 
The absolute peak area in an NMR spectrum depends on several factors. That is the reason why the 
peak areas in NMR must be compared to the peak area of an internal standard of known concentration 
to find the accurate concentration of a specific product. Apart from use of internal standard, aliquots 
based on aqueous solutions need to be added deuterized water (D2O) in order to suppress the wide 
peak coming from water.  
For each measurement, 1 mM phenol solution was used as internal standard. Phenol stock solution 
was made by dissolving a corresponding amount of phenol to 0.1 M KOH to obtain 12 mM phenol 
solution in 0.1 M KOH. All samples have been made up as follows: 
x 275 μl of sample 
x 25 μl of internal standard (12 mM phenol solution in 0.1 M KOH) 
x 25 μl D2O 
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This ensured 12 times dilution of the internal standard, to obtain 1 mM peak areas in each 
measurement. In principle one could go for twice these volumes if necessary, but in this case smaller 
sample volumes were favored for accurate temperature control.  
 
Figure 3.22: 1H-NMR calibrations for various products of electrolysis in alkaline environment. 
 
Preparation of NMR standards for calibration purposes:  
NMR standards are prepared by making solutions of known concentration, mixing them with the 
internal standards solution, and collecting an NMR spectrum with the same parameters to be used to 
quantify the actual samples.  
All the standards are made in the working electrolyte (most cases 0.1 M KOH). An accurately 
measured amount of high purity compound (liquid) was added in order to make solutions of 5 mM, or 
in some cases 10 mM (to match the volume of ca. 50-100 μL for pipette’s accuracy).  These starting 
solutions were further diluted to obtain 0.5 mM, 0.25 mM and 0.1 mM solutions, and subsequently 
used for NMR measurements in order to obtain the calibration curves (see Figure 3.22).  
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In order to avoid interactions between the different components of the standards, standard solutions 
were made for each separate possible product, as follows: 
x Carboxylic Acids: Formic and Acetic Acid – Since these acids are not stable in this form 
under alkaline conditions, we used their potassium salts: potassium formate and potassium 
acetate.  
x Alcohols: Methanol, Ethanol, 1-Propanol 
x Aldehydes: Acetaldehyde.  
Due to high volatility of some of the products, i.e. their high vapor pressures, it was important to work 
fast and precise when preparing these standard solutions. Some of the components, such as aldehydes 
may undergo various organic reactions, usually catalysed in acidic or alkaline media.106 For these 
reasons, the standard solutions were prepared each time fresh and shipped the same day in thermally 
insulated packaging containing dry ice. For short-term storage, a fridge or a freezer was used. 
 
Unknown concentration sample analysis 
Samples with unknown concentrations of compounds were stored for short-term before the shipping 
to the NMR facility, where phenol was added as internal standard to reach a concentration of 1 mM. 
After the measurement, the obtained peaks are identified and integrated and their areas expressed 
relative to the internal standard peaks areas. The calibration curves are then used to determine the 
unknown concentrations of the compounds detected.  
Sample shipping: Both standard solutions for calibrations and unknown sample as produced were 
shipped to the NMR facility. Shipping was done using thermally insulated packaging containing dry 
ice to avoid evaporation of the volatile products or their possible degradation at elevated temperatures.  
Equipment details:  
1H-NMR, 600MHz, Queen Mary University of London, London, UK. 
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List of materials and chemicals used in this work: 
Electrodes 
x Cu – polycrystalline sheet, size: 25.0 mm x 12.5 mm x 1.0 mm, Goodfellow 99.999% 
x Pt – wire, 0.5 mm diameter, ChemPar 
x Au – polycrystalline disc, PINE Research Instruments, 5 mm diameter, 4 mm. 
x Au – polycrystalline sheet, 25.0 mm x 25.0 mm x 0.5 mm, Goodfellow 99,995% 
x Au – nanoporous gold-silver leaves, Genuine Gold Leaf, 12Kt White, Monarch, Sepp 
Leaf Products, Inc. 
x Au – mesh, Goodfellow 99.9% 
x Au3Cd – bulk alloy sheet, 12.0 mm x 10.0 mm x 0.5 mm,  MaTeck. 
Chemicals 
x H2O2 – Merck, EMSURE,  for analysis, 30 % 
x H2SO4 – Merck, Suprapur, 96 % 
x HClO4 – Merck, Suprapur, 70% 
x KOH.H2O – Merck, Suprapur, 99.995 % 
x HNO3 – Merck, Suprapur, 65 % 
x HCl– Merck, Suprapur, 30 % 
x K2HPO4 – Merck, Suprapur, 99.99 % 
x KH2PO4– Merck, Suprapur, 99.99 % 
x KClO4 – Sigma Aldrich, 99.99 % 
x Phenol – Sigma Aldrich, purified by redistillation, >99 % 
x CdSO4.8H2O – Merck, EMSURE (ACS), for analysis 
x CuO – Alfa Aesar, 99.9995 % 
Product calibrations 
 
x Hydrocarbons gas mixture for GC calibrations - AGA 
x Formic acid – Sigma Aldrich, LC-MS Ultra 
x Pottasium formate – Sigma Aldrich, purum, p.a. >99 % 
x Formaldehyde – Merck,  37 %w/w in water, with about 10 % methanol 
x Methanol – Sigma Aldrich, CHROMASOLV, for HPLC, >99.9 %. 
x Acetaldehyde – Sigma Aldrich, ACS reagent, >99.5 % 
x Potassium acetate – Sigma Aldrich, purum, p.a. >99 % 
x Ethanol – Sigma Aldrich, ACS reagent, puriss. p.a. , >99.8 % 
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x n-Propanol – Sigma Aldrich, CHROMASOLV, for HPLC, >99.9 %. 
x Acetone – – Sigma Aldrich, CHROMASOLV, for HPLC, >99.9 %. 
 
Other materials 
 
x Polishing disc – NP MAP, Struers 
x Diamond paste – Struers-DK, DP Paste P ¼ μm 
x Nafion membranes – Sigma Aldrich, perflourinated membrane 117, 0.007 in. 
thickness 
 
 
 
  
69 
 
CHAPTER 4 
 
4. Copper surface morphology and CO2 electro-reduction 
catalysis 
 
 
4.1. Scope of the study - parameters in control of activity and selectivity 
 
Earlier works, in particular those of Hori and coworkers, established that copper is an unique catalyst 
for production of various hydrocarbons by the electoreduction of CO2.  This chapter builds upon those 
works to understand the parameters the influence of Cu surface morphology on the selectivity for the 
reaction. 
There are several reports in the literature suggesting that surface morphology may play an important 
role for the selectivity towards CO2 reduction, with respect to the competitor reaction, hydrogen 
evolution.17,41,60 Moreover, the surface structure may determine exactly which CO2 reduction products 
are formed. However, there may be other relevant factors closely related to surface structure that 
influence the overall product distribution.  
Herein, the influence of the surface morphology of polycrystalline copper on its catalytic activity 
towards electro-reduction of CO2 was investigated by comparing three different copper electrodes. 
The surface morphology of the electrodes was studied by scanning electron microscopy (SEM), while 
the composition was confirmed by X-ray photoelectron spectroscopy (XPS). Cyclic voltammetry was 
used as an initial evaluation of the catalytic activity of the electrodes. Additionally, bulk CO2 
electrolysis was performed to access the selectivity of the reaction on various surfaces. These catalytic 
studies showed a strong effect of copper surface morphology on its activity and selectivity for CO2 
electro-reduction. These results are discussed based on the effect of local pH and considering the 
mechanism insight from density functional theory.20  
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4.2. Copper activation by cycling 
 
We present a study on three different surface morphologies of copper in this Chapter. The preparation 
of the electropolished and sputtered copper are described in detail in Chapter 3, Section 3.2.4. During 
the electropolishing procedure the surface impurities and part of the copper itself are oxidised and 
dissolved into the electrolyte. The protruding parts of the surfaces will dissolve easily, resulting in a 
smooth clean surface, as reported in scanning tunneling microscopy (STM) studies.109-111 Sputterring 
is typically generating a rough surface, with a significant number of defects and undercoordinated 
sites.110,112  This treatment should give rise to a slightly rougher surface with respect to the 
electropolished one. Nanoparticle-covered copper was prepared in situ following two-step procedure. 
First, an electropolished copper electrode was cycled between -0.6 V and +1.15 V vs. RHE at 20 
mV/s in N2 saturated 0.1M KClO4. The pH of the solution was measured before and after the 
experiment.  The initial pH was 7, whereas the final pH was 10.5. 
 
Figure 4.1: Cyclic voltammogram performed on a Cu foil in N
2
-saturated 0.1 M KClO
4 
at pH 10.5 (a first step in the 
formation of Cu nanoparticles). Current density is obtained by normalizing current to the geometric area of the    
electrode. 
 
Since the cyclic voltammetry was performed on a non-buffered solution, the bulk pH of the 
electrolyte shifted from 7 to ~10.5 due to proton consumption during hydrogen evolution reaction at 
potentials below 0 V vs. RHE.  
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Figure 4.2: Pourbaix diagram for copper in water at 25°C. The blue arrow indicates the potential range 
where the Cu electrode was cycled during the first step of the nanoparticles formation. (Adapted from113) 
 
On Figure 4.1 a cyclic voltammogram obtained at pH 10.5 is shown. Based on the Pourbaix 
diagram37,113, we can assign the origin of the different peaks. This CV shows a wide oxidation peak 
starting at +0.55 V vs. RHE, which we attribute to Cu oxidation. The increase in current density at 
more positive potentials could be assigned to both copper dissolution and porous bulk oxide 
formation. On the cathodic scan, the first reduction peak, at +0.7 V vs. RHE, most likely corresponds 
to the reduction of copper (II) oxide phase (CuO) to copper (I) – oxide (Cu2O), in agreement with the 
thermodynamic potential predicted by the Pourbaix diagram (Figure 4.2). The second peak at +0.35 V 
vs. RHE is attributed to the reduction of Cu2O to metallic Cu. The third reduction peak, centered 
around +0.05 V vs. RHE, could be assigned to removal of adsorbed hydroxide species before 
hydrogen evolution occurs. Finally, hydrogen evolution appears as an exponential increase of the 
cathodic current, which also causes a pH shift towards higher values. 
During cycling the electrolyte changed to a yellow-brown colour.  This can be attributed to the 
formation of CuOxHy, which is the stable solution species at pH 10.5, as shown in the Pourbaix 
diagram of copper on Figure 4.2.   
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Figure 4.3: Cu electrode as received (left) and Cu electrode covered with nanoparticles (right). 
 
 
In the second step, the copper species in solution were re-deposited by applying a negative potential 
of -1.3 V vs. RHE in the same KClO4 solution saturated with CO2.  The pH of the electrolyte, 
measured following this step, had lowered to a value of ~6. This procedure results in the formation of 
a rough copper surface due to the formation of copper nanoparticles at the surface, giving the 
electrode a dark appearance as shown in Figure 4.3.  
 
4.3. Surface characterisation 
 
4.3.1. Scanning Electron Microscopy (SEM) 
The surface morphology of the different electrodes was analysed using SEM. The results show a clear 
difference in the roughness of the three samples (Figure 4.4). 
 
Figure 4.4: Scanning Electron Microscopy of the three electrodes:  (a) electropolished surface, (b) copper 
nanoparticles-covered surface and (c) sputtered surface.   
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The SEM-image of the electropolished copper (a) shows a smooth surface, where a low number of 
defects is expected relative to the other two samples. Based on this image and on previous STM 
studies114,115, we anticipate that the electropolished surface is mainly dominated by low indexed 
terraces such as (111) and (100), but also may contain a significant number of undercoordinated 
surface sites, such as steps and kinks.  
The nanoparticles-covered copper image (b) exhibits a surface covered with nanoparticles in size 
range of 50 to 100 nm. Estimated from the micrograph, the surface area of Sample B is greater than 
the geometric surface area of the electrode by a factor of 2-3. This surface should contain a 
significantly larger amount of under-coordinated sites. 
Finally, an SEM-image of a sputtered (or sputter-cleaned) copper (c) shows a surface with an 
intermediate roughness factor ranging between the electropolished and the nanoparticles-covered 
sample.  
 
4.3.2 X-Ray Photoelectron Spectroscopy (XPS) 
 
The surface composition of the three samples was analysed by XPS. The sputtered copper only shows 
the signals belonging to clean metallic copper, with practically no oxygen present. This result is not 
surprising since sputter-cleaned sample has been prepared under Ultra High Vacuum (UHV) 
conditions and has not been exposed to the air before the XPS measurements. On the other hand, the 
electropolished and nanoparticles-covered copper, which were prepared electrochemically and 
transferred to the UHV chamber under ambient conditions, show a clear peak at 352 eV, consistent 
with the presence of oxygen at the surface (Figure 4.5a). In addition, all three surfaces exhibit the 
following signals for copper: Cu 2p3/2 at 932.4 eV and Cu 2p1/2 at 952.2 eV, corresponding to metallic 
copper or copper (I) (Figure 4.5b). To distinguish between the metallic Cu and Cu2O, we focus on the 
Auger signal116 provided in Figure 4.5 (c). Consistently with the lack of oxygen, the Auger spectrum 
of the sputtered sample (green line) corresponds to clean metallic copper. The Auger signal of the 
electro-polished sample (blue line) also corresponds to metallic copper, whereas the nanoparticles-
covered surface (red line) shows an Auger peak associated with the presence of Cu2O. These last two 
samples were both transferred in air, suggesting that the formation of Cu2O is not only related to the 
air exposure, but as well to the surface preparation method. 
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Figure 4.5: XPS spectra of the three surfaces (electropolished, nanoparticles-covered and sputtered):  (a) O(1s) 
signal, (b)  Cu(2p) peak (c) Auger peak. 
 
The electropolished copper was prepared by applying a positive potential in phosphoric acid solution 
(pH 1.5), in conditions under which, according to the Pourbaix diagram of copper, Figure 4.2, the 
stable species should be Cu2+ and no oxide species are expected. The nanoparticles-covered copper 
was prepared in 0.1 M KClO4 solution in alkaline pH range, where Cu2O can be formed. Prior to the 
XPS measurements all samples were rinsed using degassed MiliQ water.  
From these XPS measurements we cannot conclude whether the nanoparticles remained oxidised even 
after the re-deposition step and during reaction, or simply were oxidised following the reaction at 0 V 
vs. RHE in alkaline solution or by the exposure to air upon sample transfer to the UHV chamber. 
Aiming to clarify the stage at which Cu2O was formed, we studied the Auger signals on the sputtered 
sample in the following cases: as prepared under UHV conditions, upon air exposure for 30 min. and 
after being dipped into Ar-saturated alkaline solution of 0.1 M KClO4 and transferred in air afterwards 
(Figure 4.6). The XPS spectra of these three samples show that the exposure of copper sheet to air 
leads to a slightly oxidised surface. On the other hand, dipping of the sputtered sample into the 
alkaline electrolyte and transferring it in air clearly forms significant amounts of Cu2O on the surface. 
The last treatment resembles the nanoparticle formation treatment since in both cases the Cu sheet is 
in contact with alkaline electrolyte and air.  
This means that the XPS measurements presented here are insufficient to determine whether there was 
also Cu2O formation while the nanoparticles were prepared. XPS would only be able to identify the 
oxidation state if it was performed in-situ117, or if the sample was transferred from the electrochemical 
cell to vacuum under a clean, inert atmosphere.118 Unfortunately, such measurements are beyond the 
scope of the current investigation. It is highly unlikely, however, that the active phase is a form of 
copper oxide, rather than metallic Cu, as there is a significant driving force for the reduction of copper 
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oxide under reaction conditions, i.e. ~ -1.5 V of overpotential relative to the Nernst potential of the 
reduction of Cu2O to metallic Cu at pH ~6 (at -1.1 V vs. RHE). In situ STM studies have shown that 
at the most ~-1 V overpotential is required to completely reduce Cu oxide to form ordered Cu(111) 
terraces in 0.1 M NaOH109, suggesting that at our working conditions (~-1.5 V overpotential) the 
surface should be fully reduced. Moreover, Le et al.119 found that a Cu-oxide catalyst was reduced to 
metallic Cu at an overpotential of -1.3 V relative to the Cu/Cu2O reversible potential in CO2 saturated 
0.5 M  KHCO3. 
 
Figure 4.6: Auger peak for a sputtered sample as prepared, sputtered sample after its exposure to the air for 30 
min and sputtered sample after immersion into alkaline electrolyte. The results indicate that Cu2O is mainly 
formed when copper is immersed into the alkaline electrolyte, however its transfer in the air does not exclude  
 
4.4 Electrochemical characterisation 
 
The three surfaces were also characterised by cyclic voltammetry in CO2 and N2 saturated 0.1M 
KClO4. Since the experiments were carried out in a non-buffered solution, the pH value had to be 
monitored throughout all the steps of the electrochemical process. The as-made electrolyte has a pH 
of 7±0.5. The electrolyte was cleaned by pre-electrolysis to remove traces of impurities by applying -
1.0V to a Pt wire during 2 hours. After the pre-electrolysis, the pH shifted to values close to 8 due to 
proton consumption. As we are studying a reduction process, the samples were cycled to negative 
potentials where hydrogen evolution takes place, resulting in a decrease of proton concentration 
nearby the electrode surface. Surprisingly, the protons formed at the counter electrode do not diffuse 
fast enough from one compartment to the other, causing a shift of the electrolyte bulk pH value in the 
working compartment to higher values. As a result of this pH change, the CVs in N2 were recorded at 
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pH values of 11±0.5. This demonstrates the importance of keeping track of the pH value of the 
electrolyte when working with non-buffered solutions, especially when high current densities are 
involved.  
When the solution was saturated with CO2, the pH value shifted again to 6±0.5, due to the formation 
of carbonic acid. It is well known that CO2 reacts with water to form H2CO3, a diprotic acid that is in 
equilibrium with the deprotonated species79 (see equations 2.3 to 2.5 in Section 2.2). 
To make a fair comparison of the onset reduction potentials in saturated N2 and CO2 electrolyte, it is 
crucial to plot the cyclic voltammograms in the reversible hydrogen electrode (RHE) potential scale, 
to account for the pH difference. According to the Pourbaix diagram of Cu (Figure 4.2) these peaks 
appear at the same potential against RHE regardless of the pH. The Cu(I)-oxide formation peak is 
easily identified in the CVs performed in N2 saturated electrolyte, where an oxidation process due to 
the formation of copper oxide (I) is observed at around 0.65 V and its reduction is observed during the 
cathodic scan at ~0.3 V vs. RHE. The previous potential values are consistent with the 
thermodynamic potential of Cu to Cu2O at 0.47 V vs. RHE. 
Both CO2 electro-reduction and hydrogen evolution reaction (HER) are occurring at negative 
potentials relative to the reversible hydrogen electrode. When the electrolyte is saturated with N2, the 
cathodic current observed below 0 V vs. RHE can only be attributed to hydrogen evolution. Figure 
4.7b shows the N2 voltammograms for the three studied surfaces, where it can be seen that the onset 
potential for the HER is clearly affected by the surface morphology. Comparing the potentials at fixed 
current density of -5.0 mA.cm-2, we can observe that the electropolished copper electrode needs a 
potential of -0.75 V vs. RHE to produce such currents. On the other hand, the other electrodes, 
sputtered and nanoparticles-covered, can achieve these current densities at more positive potentials. 
Moreover, we can also observe a difference in current densities at fixed potentials. Since the currents 
are only normalized by geometric area of the electrodes and not by the active surface area, one could 
think that only this explains the increasing current densities on rougher surfaces.  However, the 
surface area contribution is not that much if we consider that the roughness for the Ar-sputtered and 
nanoparticles-covered sample differ by factors of 1-2 and 2-3 compared to the electropolished sample, 
respectively.  
However, the main proof of the activity differences among the studied surfaces should be provided by 
the bulk CO2 electrolysis measurements, which can indicate additionally differences in selectivity. 
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Figure 4.7: Cyclic voltammogram of the electropolished copper surface, copper-nanoparticles-covered surface and sputtered 
copper surface in 0.1 M KClO4 purged with CO2 (a) and N2 (b).  The current density is obtained by normalising the current 
to the geometric area of the electrode.  
 
When the CVs are recorded under CO2 (pH 6.0±0.5), we observe a cathodic current due to a 
combination of various reduction processes, HER and CO2 electro-reduction reactions (Figure 4.7a). 
On the CVs recorded under CO2, the onset potentials (compared, as previously, at -5 mA.cm-2) are 
moving towards more positive potentials when the surface is rougher.  
Furthermore, the onset potentials on all surfaces in CO2 saturated neutral solutions are all more 
negative than the corresponding ones in N2 saturated alkaline solutions. Neglecting the differences in 
HER in different media, which do exist, these results could indicate the adsorption of the species 
during CO2 reduction, which block the active sites for hydrogen evolution, thus suppressing it. 
According to Hori et al56  the CO2 reduction reaction proceeds with the formation of adsorbed CO as 
an intermediate product.  
At low overpotentials the Faradaic current is provided by two competing reactions15,42,56: 
CO2 + 2H+ + 2e- = CO + H2O     (4.1) 
2H+ + 2e- = H2       (4.2) 
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However, at high overpotentials, further reduction of adsorbed CO may occur to give variety of 
products – a mixture of hydrocarbons. 
 
4.5 Electrocatalytic results 
 
4.5.1 Surface morphology effect on product distribution 
 
For purpose of studying the activity and selectivity of the three copper surfaces as electro-catalysts for 
CO2 reduction, we employed chronoamperometry (applying a constant potential and measuring 
current) in CO2 saturated electrolyte (0.1 M KClO4). As outcome, the gaseous products are detected 
and quantified after the reaction using gas chromatography.  
On Figure 4.8 current (Faradaic) efficiencies (a) and partial current densities (b) for different gaseous 
products measured after 15 min reactions at -1.1 V vs. RHE are shown. The currents are normalised to 
the geometric area of the electrodes. 
After this short reaction time, it was not possible to detect any liquid products, given the high 
detection limits of the liquid chromatography method (HPLC) we employed. In order to quantify the 
liquid products, we ran a reaction in duration of 24 hours on the electropolished sample. According to 
the subsequent HPLC analysis, the only identified liquid product was formate, produced with a 
faradaic efficiency of 7.5 %.  
On Figure 4.8 (b) one can observe some differences in catalytic activity of the three surfaces. The 
nanoparticles-covered sample exhibits the highest total current densities (nanoparticles-covered 
sample ~-5.4 mA.cm-2, sputtered ~-3.5 mA.cm-2 and electropolished ~-2.3 mA.cm-2) as expected from 
previous considerations on Figure 4.7. If we focus on the activity for hydrogen evolution reaction 
(Figure 4.8b), we notice similar values for all three samples. However, taking into consideration that 
the normalisation is performed only relative to the geometric area, we have lower activities towards 
HER on sputtered and nanoparticles-covered samples when we consider the real active area. Looking 
at other products in the same plot, especially ethylene and CO, one can notice their partial current 
densities increase on rougher surfaces. This is not only due to their slightly higher roughness factors 
relative to the electropolished sample, but also due to the activity enhancement towards the reduction 
of CO2 on undercoordinated sites.  
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Figure 4.8: (a) Faradaic Efficiencies and (b) Partial Current Densities for the products of CO2 electro-reduction on three 
surface morphologies of copper in CO2-saturated 0.1 M KClO4 at -1.1 V vs. RHE.  
 
To illustrate this further, one should focus on the analysis of the reaction products in terms of current 
efficiencies (Figure 4.8a). These current (Faradaic) efficiencies are obtained as a ratio of partial 
current densities of each product and the total current density within a single bulk electrolysis 
measurement. Performing the bulk CO2 electrolysis measurements on rough surfaces obviously 
decreases the selectivity towards hydrogen production and favors CO2 reduction. In addition, 
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differences in surface morphology induce changes of selectivities for various products. The 
electropolished surface produces C2H4 with the Faradaic efficiency of 14 % and CH4 with 5 %. On the 
other hand, on the nanoparticles-covered surface ethylene formation is enhanced to a 36 % Faradaic 
efficiency, while the selectivity towards methane fell to only 1 %. Sputtered copper, having an 
intermediate roughness between that of electropolished and the nanoparticle-covered sample, exhibits 
intermediate selectivity towards C2H4 (26 %) and the highest Faradaic efficiency towards CH4 (8 %) 
of all three surfaces.  In addition, the methane/ethylene ratio is different on the studied surfaces, our 
results indicate that the formation of CO and the formation of ethylene follow the same trends. Higher 
CO production seems to favor the formation of ethylene, suggesting a correlation of these two 
products. 
Another noteworthy bulk electrolysis result is that the ethylene formation is favored over methane on 
all studied surfaces. Our results also show higher current efficiencies for ethylene relative to methane 
on roughened Cu surfaces. Our observations are consistent with already published results suggesting a 
dependence of the catalytic activity of copper on its surface morphology: Branco and co-workers 
showed that by modifying a copper electrode through copper electrodeposition, i.e. making it rougher, 
methane formation was suppressed.  
Hence, discussions above suggest that different facets present in each surface play a key role in the 
catalytic activity. Results from Hori and coworkers41,52 indicate higher selectivity of steps towards 
ethylene production, while terraces are more selective towards the formation of methane.  
 
4.5.2 DFT insight into surface morphology influence on catalytic activity 
 
In order to obtain better understanding about the differences in catalytic activity of the various crystal 
orientations, we can use the input from theoretical calculations based on density functional theory 
(DFT). DFT studies on the HER and CO2 reduction to methane at different copper facets (fcc(111), 
fcc(100) and fcc(211)) provide insight into the reaction pathways based on the free energy diagrams 
of reactants, reaction intermediates and products. 
We studied the CO2 electrochemical reduction using the mechanism proposed by Peterson et al50, 
where the elementary proton-electron transfer steps have been proposed for the process of reducing 
CO2 to methane on a (211) copper surface. They have proposed that the rate limiting step is the 
reduction of *CO to *CHO. Based on these calculations, we used the free energies of the 
transformation of *CO to both *CHO and *COH with the aim to understand the different catalytic 
activity of different copper surfaces. Figure 4.9 compares the energetics of *CO protonation on the 
81 
 
(111), (100), and (211) surfaces at 0 V vs. RHE. It can be seen, that according to the thermodynamic 
analysis, on all surfaces the route to *CHO is favored over the route to *COH. Additionally, the (211) 
surface facilitates the formation of *CHO relative to (111) and (100) facets.  
These results indicate that if the potential limiting step in hydrocarbon formation is the protonation of 
*CO to *CHO, roughened surfaces should be more active towards CO2 reduction, thus explaining the 
higher current densities towards CO and ethylene obtained on the nanoparticles-covered sample. One 
should however bear in mind that this is purely a thermodynamic analysis and no kinetic barriers were 
considered.  
Figure 4.9: Calculated free energies, at 0 V vs. reversible hydrogen electrode (RHE), of the protonation of adsorbed 
CO to form adsorbed COH or CHO on the (111), (100), and (211) facets of the face-centered cubic copper crystal. The 
protonation proceeds most favorably on the (211) facet to the CHO adsorbate. 
One possible explanation of the high selectivity towards C2H4 and the suppressed CH4 formation on 
the rough surfaces could be that rough surfaces have a higher coverage of C-containing species, which 
facilitates the C-C coupling.  
For HER, the only intermediate is adsorbed hydrogen (*H), meaning that the theoretical activity of a 
given surface depends only on the free energy of *H. The work of Durand et al120,  (Figure 4.10), 
predicts that the stepped sites (211) have higher activity for HER than the (111) and (100) terraces, 
since adsorbed hydrogen intermediate is closer in free energy to the initial and final states of reaction 
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on Cu(211) with respect to Cu(111) and Cu(100). The prediction of higher activity for a stepped 
surface is in agreement with the higher current obtained during cyclic voltammetry of the 
nanoparticles-covered sample, which has a higher density of steps and kinks. However, these 
thermodynamic considerations may after all have less effect on the onset potentials in this system due 
to a possible OH poisoning of the surface. Namely, the copper surface might be inaccessible for 
hydrogen to adsorb in the region from 0 to -0.31 V vs. RHE. Figure 4.11 shows how OH adsorption 
on Cu(211) and Cu(100) surfaces proceeds spontaneously at 0V vs. RHE, thus blocking the surface. 
Calculations suggest that a potential of -0.31 V vs. RHE is needed to remove the adsorbed OH from 
the step edge. This is in accordance with the third reduction peak observed during the first part of the 
preparation of nanoparticles-covered sample (Figure 4.1). 
 
 
Figure 4.10: Calculated free energies of the hydrogen evolution reaction on the (211), (111), and (100) surfaces of a 
Cu fcc crystal. 
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Figure 4.11: Calculated free energies of water oxidation on the (211), (111), and (100) surfaces of a Cu fcc crystal. 
According to these calculations, a potential of -0.31 V vs RHE is necessary to reduce the (211) step sites to enable 
hydrogen evolution. 
Extremely rough surfaces like these studied by Kanan and co-workers48, where high current densities 
are obtained, the effect of the local pH should play a more important role than on moderately 
roughened surfaces. On the surfaces studied here we could anticipate a significant variation in the 
local pH, which can be attributed to a very low buffer capacity of the electrolyte, rather than to a high 
total current density. The experimental observations we obtained on the nanoparticle-covered surface 
illustrate how low buffer capacity of electrolyte, even with insignificant current increase, can 
influence the selectivity of the reaction, favoring ethylene formation relative to methane formation. 
The increase in production of compounds containing two carbon atoms (such as ethylene, ethane) on 
rough surfaces can partially rationalised considering the effect of changes in local pH value of the 
electrolyte. Rough surfaces exhibit higher geometric partial current densities relative to the the 
smooth ones. Hence, a higher local pH values can be assumed on the rough in comparison to the 
smooth surfaces, which consequently inhibits the production of methane. The accurate value of the 
local pH can vary depending on the system since it is established as an effect of high current densities 
of proton consuming reactions, the buffer capacity of the electrolyte and mass transport in the solution 
(diffusion layer thickness).  
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4.6 Summary and conclusions 
Summarising, the experimentally observed improvements in CO2 reduction activity relative to 
competitive reaction - hydrogen evolution - can be understood as a consequence of higher catalytic 
activity of the undercoordinated sites towards the reduction of CO2. Nevertheless, the changes in ratio 
among the CO2 reduction products can partially be rationalized by taking into account the effect of the 
change in the local pH value of the electrolyte in the catalyst surface vicinity. This may be called a 
side effect of an increase in roughness, leading to the increase in total currents, which consume 
protons and locally changes the proton concentration to significant extent. Nevertheless, it is an 
additional catalytic effect, whose intrinsic nature is still not well understood. Further mechanistic 
studies are necessary for better understanding of the phenomena at the electrode-electrolyte interface. 
i. This work introduces a facile in situ electrochemical method for activation of polycrystalline 
copper electrodes and taking control of selectivity towards the production of ethylene by 
surface roughening. 
ii. Surface pretreatment, thus surface morphology of copper electrode affect both activity and 
selectivity for the CO2 electroreduction in aqueous solutions.  Rough surfaces exhibit higher 
activities and higher selectivity toward CO2 reduction products, in particular ethylene. On the 
other hand, rough surfaces exhibit lower selectivity towards the production of hydrogen.  
iii. Working with neutral non-buffered solutions requires extreme care to establish the correct pH 
under working conditions. The bulk pH in a CO2 free electrolyte is extremely sensitive to high 
current densities, which affects the equilibrium between H2O, H+ and OH-. In CO2 saturated 
electrolyte the formation of carbonic acid permits to keep the bulk pH constant. The buffer 
capacity of the electrolyte, however, would be low causing important differences in local pH, 
which should be taken into account when interpreting the reactions. 
iv. The effect of surface morphology can be explained by considering the different facets present 
at each surface. Smooth surfaces contain predominately low index facts such as (111) and 
(100), while roughened surfaces have a greater number of undercoordinated sites. According to 
DFT calculations, undercoordinated sites simulated using a (211) surface are more active 
towards HER and CO2 reduction. Further modeling of different facets may provide more 
insight to the effect of coordination on the activity of stepped surfaces.  
v. To get a better understanding of the difference in selectivity towards methane an ethylene, it is 
necessary to make a detailed mechanistic study of the C-C bond formation and consider other 
factors such as the local pH. 
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CHAPTER 5 
 
 
5. Tuning the catalytic activity and selectivity of copper 
for CO2 electro-reduction via overlayer structures 
 
 
 
The focus of this chapter is on the catalytic activity and selectivity for the electrochemical CO2 
reduction of underpotentially deposited overlayers of copper on platinum single crystals. We studied 
smooth surfaces – Pt(111) and Cu/Pt(111), as well as surfaces with higher density of steps – Pt(211) 
and Cu/Pt(211) with aim to explore their catalytic behavior for CO2 electro-reduction.  An expanded 
copper surface has a higher reactivity relative to the pure copper.55 Additionally, at the outset we 
anticipated that a Cu monolayer on Pt(111) could be more stable than a bulk Cu(111) single crystal, 
which can reconstruct and facets under reaction conditions.111  Comparing (111) and (211) 
orientations, we expect to gain more knowledge about the role of undercoordinated sites in CO2 
electro-reduction. 
The catalytic activity and selectivity of the copper overlayers were investigated using electrochemical 
methods: cyclic voltammetry and bulk electrolysis. Furthermore, we present experiments using 
electrochemical scanning tunneling microscopy (EC-STM) useful for studying stability of the 
overlayers under reaction conditions.  
More details about this work can be found in PhD thesis of Ana Sofia Varela.121 
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5.1. Electrochemical preparation and characterisation of copper overlayers 
on platinum single crystals 
 
For the present study, we used Pt(111) and  Pt(211) single crystals, in size of 10 mm in diameter. 
Intentionally, we chose electrodes with larger surface area in order to achieve high currents and thus 
facilitate the quantification of the products.  
Prior to carrying out any reactions, single crystals of platinum were thermally annealed at 850±20 °C 
in gas mixture containing 5 % of H2 in Ar for 3 min, followed by the annealing in a gas mixture 
consisting of 1% CO in Ar for 1 min.  Following annealing, single crystals were studied using cyclic 
voltammetry in Ar-saturated 0.1 M HClO4 at pH 1, between 0.05 V and 1.0 V vs. RHE (Figure 5.1).  
 
Figure 5.1: Characterisation of Pt single crystals and preparation of the corresponding Cu overlayers by cyclic 
voltammetry (CV). Pt(111) is shown on the left side and Pt(211) on the right side. Colour legend: (1) black dashed 
line – CVs on Pt(111) and Pt(211) in 0.1 M HClO4 at 50 mV/s following thermal annealing; (2) red solid line – CVs 
on Pt(111) and Pt(211) in 0.1 M HClO4 solution containing 3 mM CuClO4 at 20 mV/s after holding the potential for  
2 minutes at 0.32 V vs. RHE (charges for Cu upd on Pt(111) and Pt(211) are 439 μC.cm-2 and 427 μC.cm-2, 
respectively); (3) blue solid line – CVs in Cu-free 0.1 M HClO4 solution at 50 mV/s on Cu/Pt overlayers following Cu 
deposition. Figure made by Ana Sofia Varela.  
 
The cyclic voltammograms in HClO4 for both surfaces are consistent with the literature.122,123 In the 
potential region between 0.05 V and 0.4 V, traditionally known as the hydrogen upd region, we 
observe clearly different peaks for the two crystal orientations – Pt(111) exhibits a broad feature, flat 
at the top, while on Pt(211), we distinguish two peaks centered at approximately 0.1 V and 0.3 V.  At 
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higher potentials, Pt(111) exhibits a characteristic reversible peak pair correlated to the *OH 
adsorption between 0.6 V and 0.8 V.  
Copper was deposited by underpotential deposition (upd)33,124 onto the Pt crystals. To ensure the 
formation of a single monolayer, the potential was kept at 0.32 V vs. RHE, for 2 minutes. These 
conditions should lead to the formation of a pseudomorphic Cu overlayer on Pt. The amount of Cu 
deposited on Pt was controlled by integration of the charge necessary for the anodic dissolution of the 
Cu overlayer when potential is swept positively (see red solid line in Figure 5.1).  
Formation of a pseudomorphic overlayer during Cu upd means that each Cu atom positions on top of 
a Pt atom, resulting in a Cu surface with retained lattice parameter of Pt. Since lattice parameter of Pt 
is larger compared to Cu, the Cu/Pt overlayer is expanded relative to pure Cu. On such an overlayer 
structure, the reactivity of copper is modified due to both ligand and strain effects. As discussed in 
Chapter 2, the d-band of Cu is shifted upwards when deposited onto Pt. This makes the copper 
surfaces under tensile strain more reactive with respect to the copper surfaces in bulk copper 
electrodes. 
Figure 5.1 shows the oxidation (“stripping”) CV of copper, after holding the potential at 0.32 V for 
two minutes in containing perchloric acid containing 3 mM Cu(ClO4)2. Copper dissolution appears 
shifted by ~0.42 V positively than the Nernst potential for Cu oxidation on Pt(111), being consistent 
with Cu overlayer being more stable on Pt substrate. The CV exhibits an extremely sharp feature 
suggesting a strong attractive interaction between copper atoms.125 After removal of the first copper 
atom, the whole overlayer becomes less stable and becomes imminently oxidised, in very narrow 
potential range. On the other hand, on Cu overlayer on Pt(211) a broad anodic feature is recorded. 
Furthermore, Cu oxidation starts already at 0.4 V, which is expected on stepped sites.126 Following the 
formation of the Cu overlayer by Cu upd, the Cu containing solution was removed and exchanged to 
Ar-saturated 0.1 M HClO4 under potential control, at 0.32 V vs RHE. The overlayers of Cu on Pt were 
characterised using cyclic voltammetry, in potential range between 0.05 and 0.32 V where we can 
observed suppression of the hydrogen upd region, typically seen on Pt.127 
 
Figure 5.2: Schematic representation of the formation of the Cu overlayers on Pt(111) and Pt(211) single crystal. Figure 
made by Ana Sofia Varela. 
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5.2 CO2 bulk electrolysis on Cu overlayers on Pt single crystals 
 
The potentiostatic bulk electrolysis experiments were conducted in CO2-saturated 0.1 M KHCO3, at 
potentials in range from -0.7 V to -1.3 V vs. RHE, with each experiment lasting 15 minutes. For each 
measurement at a different potential, a fresh Cu overlayer was prepared to ensure that the adsorbates 
from the previous reaction do not influence the catalytic results. These bulk electrolysis measurements 
were compared with the obtained results on polycrystalline Cu in the same setup. 
Pt(211), used as a catalyst, produces hydrogen as the major product, accompanied with traces of 
methane (Faradaic efficiencies less than 0.2 %). On the other hand, during electrolysis on Cu/Pt(111) 
and Cu/Pt(211), hydrogen and methane were detected as major products, as well as traces of ethylene 
(Faradaic efficiencies below 0.6 %). The presence of CO was not confirmed, however, the detection 
limit of the GC method does not reach below volumetric CO concentrations lower than 0.1 %. 
Therefore, when using a large volume electrochemical cell (ca. 200 ml), as the one used in the single 
crystal studies, it was not possible to detect any CO unless its partial charge reaches 1.7 C, 
corresponding to the partial current densities of 2.4 mA.cm-2 (for electrolysis of 15 min). Hence, the 
unbalanced Faradaic efficiencies are attributed mainly to the undetected CO, as well as to HCOO- in 
the liquid phase.   
Figure 5.3 shows the potential dependence of H2 and CH4 production in terms of both Faradaic 
efficiencies and partial current densities. The high dispersion of the results is partially caused by 
wetting of the edges of the crystal. The bubbling during the electrolysis poses additional challenge in 
keeping the edges of the electrode dry, so in some cases, they contribute to the total current. Since the 
edges consist of Pt that efficiently produces hydrogen, we expect that the crystal edge wetting may be 
the reason for higher hydrogen partial current densities.  
The analysis of the plots in Figure 5.3 indicates Pt(211) as the most active surface for HER, while 
polycrystalline copper exhibits lowest HER activities. In addition, Pt(211) does not catalyse formation 
of any other products, being almost 100 % selective towards the hydrogen evolution. On the other 
hand, selectivity towards H2 on polycrystalline copper is in range of 40% to 80 % and depends 
strongly on the potential, reaching a minimum value at -1.0 V. The H2 selectivity of Cu/Pt (111) and 
Cu/Pt(211) are intermediate and are less dependent on potential, with Faradaic efficiencies of around 
80%.  
On the overlayers, CH4 begins to form at around -0.7 V, as on polycrystalline copper, with increasing 
Faradaic efficiencies and partial current densities at more negative potentials. However, the activity of 
the overlayers is much lower than on polycrystalline copper. 
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Figure 5.3:  Faradaic efficiencies and partial current densities towards CH4 and H2 as function of potential on Pt(211) 
(green), Cu/Pt(211) (blue), Cu/Pt(111) (black) and polycrystalline Cu (red) after 15 minutes of bulk electrolysis in 
CO2 saturated 0.1 M KHCO3. (Lines are shown to guide the eyes). Figure made by Ana Sofia Varela. 
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5.3 Post electrolysis surface characterisation 
5.3.1 Angle Resolved XPS 
 
In order to confirm the catalyst surface composition during CO2 reduction, we employed angle 
resolved X-Ray photoelectron spectroscopy (XPS) on Cu/Pt(111) after 1 hour of electrolysis. The 
depth profile shown in Figure 5.4 indicates presence of the electrolyte constituents (K, C and O) at the 
very surface. Metallic Pt and Cu were detected on the surface in similar ratio, suggesting no other 
unexpected contaminants. Nevertheless, this result is more consistent with both Cu and Pt being at the 
surface, rather than only Cu, as initially anticipated for pseudomorphic overlayers. This XPS analysis, 
however, is not sufficient to conclude about the surface structure. For this reason, further studies were 
carried out on Cu/Pt(111) under reactive conditions. 
Figure 5.4: Depth profile obtained by Angle resolved X-ray Photoelectron Spectroscopy on Cu/Pt(111) after 1 hour of bulk 
CO2 electrolysis. Figure made by Paolo Malacrida. 
 
5.3.2 Scanning Tunneling Microscopy (STM) studies 
 
An electrochemical scanning tunneling microscope (EC-STM) was employed to study, in particular, 
the effect of CO on the structure of the Cu overlayer on Pt(111). Figure 5.5 shows an STM image, 
obtained on Cu/Pt(111) in Ar-saturated 0.1 M HClO4 at ~0.26 V vs. RHE. Recording STM images at 
more negative potentials was challenging due to HER occurring on the studied surface and on the 
STM tip. 
Since the surface may suffer certain structural changes during HER, the STM images were recorded 
after cycling the potential to ~-0.4 V. The obtained image shows a smooth surface, consistent with a 
pseudomorphic Cu overlayer on Pt(111).   
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Figure 5.5: EC-STM image of Cu/Pt(111) in Ar-saturated 0.1 M HClO4, image (337.32 nm)2, E = 0.2 V vs. NHE (~0.26 V 
vs. RHE), UB = 249 mV, IT = 1 nA. Figure made by Christian Schlaup. 
 
 
Figure 5.6: EC-STM image of Cu/Pt(111) in CO-saturated 0.1 M HClO4: a) (346.82 nm)2, E = 0.25 V vs. NHE, UB = 9 mV, 
IT = 3 nA  b) (111.49 nm)2, E = -39 mV vs. NHE, UB = 102 mV, IT = 1 nA. Figure made by Christian Schaup. 
 
On the other hand, the STM images of Cu/Pt(111) obtained in CO-saturated 0.1 M HClO4, as shown 
in Figure 5.6, clearly suggest changes in surface structure, from smooth to granulate. From these EC-
STM images, we can deduce, that for Cu/Pt(111), copper remains on the surface when exposed to CO 
at the working potentials. However, the structure of the overlayer is no longer pseudomorphic, but 
more likely corresponds to a disordered layer with interatomic distances between those of pure Cu and 
pure Pt. As an effect of the compression of Cu relative to the Pt lattice constant, Pt atoms are exposed 
to the electrolyte. Moreover, in some cases, the Cu islands have a height of 2 or 3 atoms, resulting in a 
higher exposure of the Pt surface. 
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A high binding energy between Pt surface and CO molecules is the driving force for the 
transformation of bimetallic particles to core-shell nanoparticles consistent of a Pt outer shell.76,128 
Similarly, we take the view that the observed surface structure changes on Cu overlayers on Pt are 
induced by much higher binding energy of CO to Pt relative to Cu, which favors the reconstruction of 
the overlayer. In the presence of CO, Cu atoms are pushed together to expose the Pt surface to CO.  
 
Figure 5.7: EC-STM images of Cu/Pt(111) in 0.1 M KHCO3: a) Atomically flat Cu overlayer in CO-free electrolyte, (499 
nm)2, E = 0.02 V vs. RHE, UB = 292 mV, IT = 1 nA; b) Granular morphology of the Cu overlayer after its exposure to CO-
saturated electrolyte, (499 nm)2, E = 0.01 V vs. RHE, UB = 356 mV, IT = 10 nA; c) Disordered Cu overlayer with (2 × 2)-CO 
structure inside the vacancies, (13.6 nm)2, E = 0.01 V vs. RHE, UB = 356 mV, IT = 10 nA. Figure made by Christian 
Schlaup. Reprinted from87. 
Figure 5.7 shows the STM images obtained in the working electrolyte, 0.1 M KHCO3. They show 
how Cu overlayer retains its atomically flat morphology in CO-free 0.1 M KHCO3, as shown in 
Figure 5.7 (a). This indicates that the electrolyte exchange, whereby as well the pH changes from 1 to 
~9, does not influence the structure of the overlayer. However, the morphology of the Cu overlayer on 
Pt changes considerably upon its exposure to CO, as shown in Figure 5.7, (b) and (c), appearing 
granular, as recorded in CO-saturated 0.1 M HClO4. 
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5.4 Discussion of the catalytic results 
 
Overall, the bulk electrolysis results suggest that the copper overlayers do not exhibit an improved 
catalytic activity for CO2 reduction with respect to pure copper. Moreover, there is no significant 
difference between Cu/Pt(111) and Cu/Pt(211) surfaces.  
 
 
Figure 5.8: Comparison of activities towards various reaction products during CO2 bulk electrolysis at -1.0 V vs. RHE 
on Pt(211), Cu/Pt(211), Cu/Pt(111) and polycrystalline Cu in CO2-saturated 0.1 M KHCO3 at pH 6.8. 
Figure 5.8 shows a comparison of the partial current densities towards all reaction products at  
-1.0 V vs. RHE.  The catalytically most active surface during CO2 bulk electrolysis is Pt(211), 
however, completely selective towards the competitor hydrogen evolution. Cu overlayers on 
Pt(211) and Pt (111) exhibit similar activities for methane production. The partial current density 
towards CH4 is comparable on both Cu overlayers, however, considerably lower than on 
polycrystalline copper. Additionally, our measurements indicate a 4-fold higher methane 
production activity of polycrystalline Cu with respect to the copper overlayers. It is also 
noteworthy, that the polycrystalline copper produces ethylene as one of the major products, 
whreby Cu/Pt (111) and Cu/Pt(211) produce only traces of ethylene. 
The CO-induced structural changes of the Cu overlayers on Pt should be taken into account when 
analysing their catalytic activities for CO2 reduction. Similarly to the established structural changes of 
the Cu/Pt(111), one can expect these as well for the Cu/Pt (211). Therefore, instead of assuming the 
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expanded copper overlayers, we may rather consider interpreting these surfaces as Pt single crystals 
partially covered by polycrystalline copper islands. Another fact, implying the validity of the 
described structural changes, is the extent of similarity in the catalytic activity of Cu/Pt (111) and 
Cu/Pt(211). This indicates that the resulting copper islands have a similar structure on Cu/Pt(111) and 
Cu/Pt(211). Surprisingly, the product distribution on Cu overlayers is very different than for the 
polycrystalline Cu, suggesting that Cu on top of Pt possesses a different catalytic activity relative to 
the bulk Cu.  
This study represents a pertinent example of how important it is to have an in situ characterisation of 
the catalyst surface. A direct insight into the catalyst surface structure under reaction conditions can 
be crucial for the understanding of the catalyst reactivity, especially involving the bimetallic systems 
prone to surface segregations.   
 
 
5.5 Summary and conclusions  
 
i. Cu/Pt(111) and Cu/Pt(211) surfaces exhibit the catalytic activities in-between those of bulk Pt 
and bulk Cu. A higher total catalytic activity of the Cu/Pt structures with respect to pure 
copper can be attributed to enhanced hydrogen evolution activity. On the other hand, the 
activity and selectivity of these structures towards methane is significantly lower relative to 
bulk copper. 
ii. EC-STM images indicate how presence of CO destabilises Cu/Pt(111). The structure of the 
Cu overlayer, however, changes to a granular structure in the presence of CO, exposing a part 
of the Pt surface.  
iii. The structural changes induced by CO are key factor in understanding the catalytic activity of 
the bimetallic overlayer surfaces. The exposure of the Pt surface accounts for the high activity 
of these structures towards HER and their poor selectivity towards the reduction of CO2.  
iv. These results illustrate the importance of in situ surface characterisation to gain an insight into 
the catalyst surface structure under reactive conditions.  
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5.6 Outlook 
 
The CO-induced rearrangements of copper overlayers on platinum, suggests different strategies are 
required towards the improvmenet of CO2 reduction using bimetallic catalysts. The instability in the  
presence of CO may be overcome, if a metal substrate with weaker CO binding energy is used instead 
of the strong CO binding metals, such as Pt. Au based surfaces may be ideal surfaces for this purpose. 
On the other hand, as discussed in Section 2.2.2, the CO2 reduction activity of Cu would benefit from 
compressive, rather than tensile strain. Since Cu(211) is on the strong binding side of the volcano,  the 
formation of a compressed Cu overlayer would push its d-band centre upwards; assuming perfect 
scaling between the d-band centre and *CO and *CHO binding energies32, this would decrease the 
overpotential of *CO protonation to *CHO (see Figure 2.14).55 However, Figure 2.4 implies that there 
is a rather limited choice of substrate metals that would provide such an upward shift in the d-band 
centre of Cu.  
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CHAPTER 6 
 
6. CO2 and CO electro-reduction on polycrystalline gold 
 
 
In this chapter we present our results from electrocatalytic reduction of CO2 and CO on 
polycrystalline gold electrodes in aqueous media.  
We describe here the electrochemical methods for surface characterisation and determination of the 
active surface area of gold by using underpotential deposition of copper.  
Although polycrystalline Au has been tested in the literature in different electrolytes, in particular 
KHCO3 and phosphate buffer, it has not been systematically studied in a single study.58,78   
Consequently, we investigated the catalytic activities and selectivities for the hydrogen evolution 
reaction and CO2 reduction on smooth, flame-annealed polycrystalline gold electrode using aqueous 
bicarbonate and phosphate buffer solutions as working electrolytes.  
Ultimately, we are interested in confirming the values reported in the literature by Hori et al58, related 
to the CO2 electro-reduction on gold in bicarbonate buffer.  Moreover, we also attempt to reduce CO 
reduction on polycrystalline Au in alkaline media; this has not previously been reported in the 
literature. Both data from CO2 and CO reduction reactions on polycrystalline gold are useful as 
reference for the interpretation of the data obtained in work with alloyed gold catalyst, described in 
detail in Chapter 7.  In order to obtain mechanistic insight into the reaction, we perform stripping 
experiments following the bulk electrolysis. 
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6.1 Electrochemical surface characterisation of polycrystalline gold 
 
6.1.1 Cyclic Voltammetry on Au 
 
Prior to the bulk electrolysis measurements on polycrystalline gold electrodes, we characterise them 
by performing the cyclic voltammetry in potential range from -0.3 V to 1.6 V vs. RHE. Figure 6.1 
shows typical cyclic voltammograms (CVs) obtained on polycrystalline gold electrode prepared as 
described in the Experimental Methods (Chapter 3). The plot shows CVs performed on gold with scan 
rate of 50 mV/s in Argon saturated 0.1 M H2SO4 with pH 1 (red line) and in 0.1 M KOH with pH 12.8 
(blue line). 
 
Figure 6.1: Cyclic voltammograms on polycrystalline gold electrodes in Ar-saturated 0.1 M H2SO4, pH 1 (red line) and Ar 
saturated 0.1 M KOH, pH 12.8 (blue line) at 50 mV/s. 
 
6.1.2 Gold surface area measurements using copper underpotential deposition 
 
In order to access the unknown roughness factor of a gold electrode or the active surface area on gold 
nanoparticles, we used underpotential deposition of copper.33,73,129 Provided the deposition charge per 
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unit active area is known, the oxidation charge of copper monolayer on an unknown sample can be 
used to estimate the active surface area, i.e. the roughness factor. This is preferable to the oxide 
reduction method used in the literature130, as the coverage of O* or HO* during Au oxidation is ill-
defined in comparison to Cu deposition on Au.111,131 
 A polycrystalline gold surface, would mainly be exposed with close packedly fcc surface – Au(111) – 
which has a hexagonal geometry, as it is the facet with the lowest surface energy.132  Therefore, we 
can use equation 6.1 to express the area of a single surface unit cell (SUcell) with lattice parameter aUcell.  
Hence, the total number of the unit cells on a surface with roughness factor r and geometric area Sgeom 
can be calculated as a ratio of total surface area and the surface area of a single unit cell (see equation 
6.1 and 6.2).  
ܵ௎௖௘௟௟ ൌ ܽ௎௖௘௟௟ଶ ܿ݋ݏ ͸Ͳ    (6.1) 
The charge exchanged during copper two electron upd is defined by following equation: 
ܳ ൌ ݖ݁ߠ ௌ೒೐೚೘ௌೆ೎೐೗೗ ݎ                       (6.2) 
The charge Q of the upd corresponds to a multiplication of a single electron charge (e=1.6.10-19 C) by 
the number of electrons per atom involved in the deposition process (in case of Cu z=2), coverage of 
the solute metal atoms per unit cell (0 < θ < 1) and number of the unit cells, as shown in equation 6.2.  
To experimentally access the charge per unit area involved in Cu upd, which follows from equation 
6.3, we had to make a measurement on an electrode where roughness factor is unity.  
ொ
ௌ೒೐೚೘ ൌ ݎ
௭௘ఏ
௔ೆ೎೐೗೗మ ௖௢௦ ଺଴
      (6.3) 
For that reason, a clean gold electrode in form of disc is prepared by flame-annealing and cooling in 
Ar flow, similarly to the method commonly used for single crystal electrodes preparation.133-135 The 
electrode is then placed into the rotating disc electrode setup in order to expose only the flat area to 
the working electrolyte. Figure 6.2 shows cyclic voltammetry performed on such smooth 
polycrystalline gold disc electrode of 5 mm diameter in a solution containing 1 mM CuO in  
0.1 M H2SO4. A measured oxidation charge of 77±1.5 μC implies a value of 394±6 μC.cm-2 coupled 
with the two electron process of copper deposition. This value was used for the estimation of the 
active surface area of all gold electrodes used in this work. Except for the electrolyte studies in 
Section 6.2, where we used smooth gold electrodes, the preparation procedures we followed produced 
roughened gold with a measured value of roughness factor of 1.5±0.1. This value was used for current 
normalisations for gold electrodes throughout this and the following chapter. 
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Figure 6.2: A cyclic voltammogram (scan rate 100 mV/s) showing underpotential deposition of copper on a smooth 
polycrystalline gold disc electrode with diameter 5 mm (solid blue line). The potential is shown relative to the normal 
hydrogen electrode (NHE). Underpotential deposition was performed at +0.23 V vs. NHE for 30 seconds (corresponding to 
+0.29 V vs. RHE, at pH 1). A solid red line represents the lower limit of the integrated area corresponding to the total charge 
of copper oxidation.  
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6.2 Study of the electrolyte effect on CO2 electro-reduction on smooth 
polycrystalline Au electrodes 
 
There are separate reports in the literature about the use of phosphate buffer78 and bicarbonate buffer58 
solutions as working electrolytes in CO2 electro-reduction on gold. Based on these reports, the 
Faradaic efficiencies towards CO evolution are much lower in phosphate based electrolyte. However, 
it remains unclear whether this is due to differences in experimental procedures, for example the 
treatment of the electrode surface prior to the bulk electrolysis of CO2.   
In order to investigate these differences, we carried out a study using a bicarbonate buffer at pH 7.7 
(0.5 M KHCO3) and using a phosphate buffer at pH 6.6 (0.25 M K2HPO4 + 0.25 M KH2PO4). On 
Figure 6.3 we show cyclic voltammograms performed in the range from +0.2 V to -0.5 V vs. RHE at 
scan rate of 50 mV/s on a smooth polycrystalline gold electrode using the two mentioned electrolytes. 
The smooth electrodes, prepared by flame-annealing were chosen in order to provide a better insight 
into the effect of possible specific anion adsorption (on terraces) on our electro-catalytic results. 
Figure 6.3: Cyclic Voltammetry on a smooth polycrystalline gold electrode in two different working electrolytes:  CO2 
saturated bicarbonate buffer at pH 7.7 (solid blue line) and in phosphate buffer at pH 6.6 saturated with N2 (dash-dotted 
black line) and CO2 (dash-dotted red line).  
 
The phosphate buffer exhibits an earlier apparent onset potential for either hydrogen evolution or CO2 
reduction reactions than the bicarbonate buffer. The cathodic peak centered at ca. -0.25 V vs. RHE in 
both CO2 and N2 saturated phosphate buffer could indicate a process related to the solution species, 
102 
 
for instance desorption of the phosphate anion. Phosphate anion adsorption on gold in this potential 
region has been previously reported in the literature.111,136,137   
Moreover, in order to explore if these differences in onset potentials indeed have an effect on CO2 
reduction, we performed the bulk electrolysis measurements. Figure 6.4 compares electrolysis 
measurements made in two buffer electrolytes at -0.6 V vs RHE at various reaction times. In 
particular, we focus on gas phase product analysis, involving H2 and CO, without considering formate 
production. 
Figure 6.4: Data points obtained during three separate electrolysis measurements for each bicarbonate (filled circles, solid 
lines) and phosphate buffer (open circles, dashed lines). The partial current densities for CO (in blue) and H2 (in red) 
formation on smooth polycrystalline gold at -0.6 VRHE are plotted versus the reaction time (time of product analysis) and 
correspond to the cumulative values averaged over the entire reaction time. The lines have purpose of guiding the eye.  
 
The plot on Figure 6.4 shows partial current densities for CO (blue) and H2 (red) measured during 
three separate electrolysis measurements with different reaction times at -0.6 V vs. RHE, both in 
bicarbonate (full circles, solid lines) and phosphate buffer (empty circles, dashed lines). The activity 
of gold for hydrogen evolution in phosphate buffer is generally much higher than in bicarbonate, 
initially reaching partial current density of -18 mA.cm-2, after 3 minutes of reaction. On the contrary, 
in bicarbonate, hydrogen evolution proceeds at very low current densities, not higher than -1 mA.cm-2. 
The effect of pH difference may play an important role for hydrogen evolution, but it does not 
account for the huge differences observed here138. On the other hand, CO evolution prevails in 
bicarbonate buffer, with an initial partial current density of ca. -3 mA.cm-2. CO evolution in phosphate 
buffer proceeds initially with lower current densities than in bicarbonate.  
Observed on the time scale, the only significant decrease in current density occurs for hydrogen 
evolution in phosphate buffer, whereby the activity for H2 evolution in bicarbonate remains low and 
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does not vary with time. The activities for CO evolution in both bicarbonate and phosphate buffer 
decrease gradually, eventually reaching similar values. 
The higher activity and selectivity for hydrogen evolution on gold electrodes in phosphate buffer with 
respect to the bicarbonate buffer may be attributed to a higher buffer capacity, as described previously 
in Chapter 2. The data matches well with previously reported CO2 reduction on gold in phosphate 
buffer.78 However, the time resolved data indicate an intitial decrease in activity of smooth gold for 
CO evolution, showing discrepancies with respect to the activities, and hence as well selectivities, 
obtained on the roughened gold electrodes by Hori58 and in our own measurements later (see Figure 
6.5).  
Nevertheless, these initial measurements in bicarbonate and phosphate buffers using smooth gold 
electrodes indicated two important conclusions: (1) Faradaic efficiencies for CO evolution are much 
more favourable in bicarbonate compared to the phosphate buffer, being mainly consequence of its 
high buffer capacity effecting in high hydrogen evolution partial current densities; and (2) smooth, 
flame-annealed gold electrodes show a decrease in CO2 reduction activity over time.  
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6.3 Bulk Electrolysis on rough polycrystalline gold 
 
This section of the chapter focuses on bulk electrolysis measurements performed in CO2 saturated  
0.5 M KHCO3 and CO-saturated 0.1 M KOH, using roughened polycrystalline gold sheets as 
electrodes. Hereby, we use chromatography analysis tools to determine the activity and the selectivity 
of roughened gold as catalyst for CO2 and CO reduction reactions. The free energy diagram for 
Au(211) is contrasted to Cu(211), explaining the differences in binding of intermediates, the 
advantage of performing CO reduction and identifying possible expected products. We employ cyclic 
voltammetry post-reaction to obtain insight into the presence of adsorbed species.  
 
6.3.1 CO2 electro-reduction on polycrystalline gold 
 
In order to compare our data to the literature and ensure that we perform the electrolysis 
measurements correctly, we performed the CO2 reduction on roughened Au(pc) under conditions very 
close to those of Hori and coworkers58. Figure 6.5 illustrates a good match of our data (filled circles) 
with Hori’s data (open circles) in terms of (a) Faradaic Efficiencies and (b) Partial Current Densities, 
from -0.35 V to -1 V vs. RHE.  Despite the difference in temperature at which the electrolysis was 
carried out, there is an excellent agreement between both data sets, demonstrating that we have 
established appropriate experimental conditions.   
As expected, our data show high current efficiencies on roughened gold for CO evolution, of  
~80-90%, over a wide potential range. The second major product is hydrogen, accounting for 15-35% 
of current efficiency, depending on the potential. The third product measured by Hori was formate. 
We plotted here the unbalanced Faradaic efficiencies, since the product analysis using HPLC was not 
performed on all aliquots. Instead, we analysed aliquots from the bulk electrolysis at selected 
potentials: -0.49 V, -0.68 V and -0.88 V vs. RHE, which showed Faradaic efficiencies for formate 
production of 1.8 %, 4.2 % and 5.7 %, respectively. Both Hori’s data and the data presented here 
show that ~100 % of the charge can be accounted for by CO, formate and H2 production.   
Interestingly, it is worth reporting that we were only able to achieve this high selectivity towards CO 
when gold was treated in the same manner as reported by Hori and coworkers,58 i.e. etched briefly in 
aqua regia. Preliminary measurements on smooth, flame annealed electrodes lead to higher selectivity 
for hydrogen evolution, and decreased activity for CO evolution (shown in Section 6.2).   
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Figure 6.5: (a) Faradaic Efficiencies for major products of electrochemical CO2 reduction on roughened polycrystalline 
gold electrodes; (b) Partial Current Densities for major products of electrochemical CO2 reduction on roughened 
polycrystalline gold electrodes. Plots provide the comparison of the data from this work (filled data points) with the digitised 
data from Hori and coworkers58 (open data points). Hori’s data contain formate analysis, while we present the unbalanced 
efficiencies. HPLC was used for product analysis only at selected potentials to confirm the production of formate. 
a) 
b) 
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6.3.2 CO electro-reduction on polycrystalline gold 
 
On Figure 6.6, a comparison of the free energy diagrams for Cu(211) and Au(211) is at  
-0.77 V vs. RHE, the limiting potential of the potential determining step on Au(211), which is CO2 
activation. The binding energies are calculated by Heine A. Hansen using DFT calculations, assuming 
CO2 pressure of 1 bar and CO pressure of 1 mbar.60  
The plot shows, that at -0.77 V, all the reaction steps on Au(211) are exergonic. As discussed in 
Chapter 2, Cu has limiting potential of -0.74 V, however for the third electron transfer reaction, 
corresponding to the protonation of adsorbed CO. Additionally, the free energy diagram indicates 
towards a difference in selectivities of the two electrodes. In case of possible further reduction of CO 
on gold, one could expect to produce formaldehyde, as four electron transfer product, or methanol, as 
six electron transfer product of CO2 reduction. According to these calculations, it would be 
energetically more favored for Au(211) to  produce methanol rather than methane, as it is case for 
Cu(211). This difference is brought about by the different oxygen binding energies of these metals, 
playing important role at the sixth electron transfer (see Figure 6.6). The selectivity depends on 
whether the catalyst would reduce *OCH3 intermediate to form CH3OH (as predicted for gold) or 
would rather favor keeping the atomic oxygen at the surface, followed by the formation of CH4 (as in 
case of copper).  
Figure 6.6: Comparison of the free energy diagrams for Cu(211) in red and for Au(211) in yellow at -0.77 V vs. RHE, 
limiting potential for the initial reaction step CO2 to *COOH on Au(211). The binding energies are calculated assuming 1 
bar CO2 pressure and 0.001 bar CO pressure at 298.15 K. Figure made by Heine A. Hansen.  
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As shown on Figure 6.6, the free energy diagram for CO2 reduction on Au(211) suggests that at 
sufficiently negative potential (-0.77 V vs. RHE), it should be thermodynamically downhill to form 
more reduced products, in particular formaldehyde and methanol. Nevertheless, CO2 reduction does 
not give any more reduced products of CO. Moreover, even at lower potentials, gold exhibits 
substantial activity for CO evolution, confirmed by both Hori’s and our own measurements.58 This 
might be a consequence of rather fast kinetics of *CO desorption. Hence, further electrochemical 
reduction of *CO to methanol would be competing with CO evolution. It is challenging to address the 
selectivity question here because one step is chemical and the other electrochemical. The fact that 
CO(g) re-adsorption might be important and that the CO(g) concentration in the vicinity of the 
electrode-electrolyte interface is not well established complicates the analysis further. This could 
however imply, that CO reduction, if CO is coming from the gas phase, may even be 
thermodynamically possible at more positive potentials, i.e. at -0.59 V vs. RHE. This is the potential 
where CO(g, 1mbar) to *CHO step is thermoneutral on Au(211). Comparing this value to the limiting 
potential for the step of CO2 reduction to *COOH(-0.77 V), would suggest, that CO could be further 
reduced, however, such a comparison assumes similar additional barriers for the two processes. It 
could be possible that the barrier for the *CO to *CHO step is considerably larger. 
Hence, the most trivial explanation for why there is no detection of more reduced products of CO 
during CO2 reduction, is that the rate of CO evolution (which is a chemical step), by far exceeds the 
rate of CO reduction. This notion can be easily justified based on DFT calculations suggesting that 
CO adsorption is close to thermoneutral on Au(211).  
However, by using CO as the initial reactant, i.e. increasing pressure of CO in the vicinity of electrode 
surface, it seems plausible that CO adsorption would be favoured, which also means that its further 
reduction could be facilitated. The limiting potential for obtaining *CHO from 1 bar CO(g) on 
Au(211) is calculated to be -0.41 V vs. RHE. Presumably, a pressure of 1 bar of CO would result in a 
higher *CO coverage at the surface. In addition, Koper and coworkers report that alkaline 
environment was reported to enhance CO adsorption on Au surfaces.139-142 Consequently, conducted 
the bulk electrolysis measurements in CO-saturated 0.1 M KOH at pH 12.8.  
Our bulk CO electrolysis measurements showed that no other major products apart from hydrogen, 
over a wide range of potentials. Minor products as formate and formaldehyde are detected. 
Figure 6.7 compares the partial current densities of gold for hydrogen evolution in CO-saturated 0.1 
M KOH and in CO2–saturated 0.5 M KHCO3 (i.e. the data shown in Figure 6.5b). From -0.4 V to -0.7 
V, the current densities are very similar in magnitude between the two experiments.  On the other 
hand, at more negative potentials, the current in KOH is significantly higher.   
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Figure 6.7: Partial current densities for hydrogen evolution reaction on polycrystalline Au during CO2 bulk electrolysis  
(0.5 M KHCO3, pH 7.5) and during the CO bulk electrolysis (0.1M KOH, pH 12.8).  
The trend towards increased hydrogen evolution in CO-saturated KOH, relative to CO2 saturated 
KHCO3, could, at first glance, seem counterintuitive.  Typically, at any given potential with respect to 
the RHE, hydrogen evolution is favored at lower pH values.84,143,144  However, it is worth bearing in 
mind that the total current density is around an order of magnitude higher in CO2-saturated solution 
(see Figure 6.5b).   The implication of this is that in neutral solution, at high current densities, the 
local pH would shift considerably to higher values.79,143 This effect would be difficult to account for 
quantitatively in the cell used for the current study, as the flow around the electrode is likely to be 
turbulent (greater control of mass transport would be afforded by the use of a rotating disk electrode, 
for instance145). 
In following paragraphs, we present the effect of phosphate anion adsorption on the hydrogen 
evolution activity of gold. We support our observations through data from cyclic voltammetry and 
electrolyses measurements. 
Namely, for the preparation of surface alloys (Cd/Au) in-situ, described in more detail in Chapter 3 
and Chapter 7, prior to the electrolysis, we needed to ensure that the working electrolyte would not 
have an effect on the pH of the electrolyte in counter and reference electrode compartments. We 
achieved that by using a neutral phosphate buffer solution with 0.25 M concentration of K2HPO4 and 
KH2PO4. However, the presence of phosphate anions has been detected in the working electrode 
compartment as well, by means of liquid chromatography and cyclic voltammetry, both on pure 
polycrystalline Au electrodes presented here and during post-reaction stripping measurements on 
surface alloys (Cd/Au), presented in Chapter 7. Figure 6.8 below shows the effect of phosphate anion 
adsorption on Au.  
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The CV on Au obtained in the cell containing purely KOH (blue solid line) shows typical gold surface 
oxidation and reduction peaks followed by the hydrogen evolution onset at the potential of -0.1 V. On 
the contrary, the CV on Au electrode obtained in an H-cell containing phosphate buffer in counter and 
reference electrode compartments (shown in red), exhibits smaller gold oxidation and reduction 
peaks, possibly due to the phosphate anion adsorption at positive potentials. A small cathodic peak is 
observed at -0.1 V, which is most likely assigned to phosphate anion desorption. The onset of ydrogen 
evolution onset is shifted negatively.  
Moreover, in Figure 6.9 we provide the comparison of partial current densities for the hydrogen 
evolution during CO bulk electrolysis on polycrystalline Au surface at three different potentials. In the 
case when phosphate buffer was added to CE and REF cell compartments (red circles), the HER 
activity is slightly lower relative to the situation when KOH is used in all cell compartments (blue 
circles). Both measurements detected the amount of hydrogen balancing 100 % of passed reaction 
charge. The pH values of working electrolytes in both cases are established to be the same, 12.8. 
 
 
Figure 6.8: The effect of phosphate adsorption illustrated by Cyclic Voltammetry on a rough polycrystalline gold electrode 
in two different working electrolytes: Ar-saturated 0.1 M KOH at pH 12.7 (solid blue line) and Ar-saturated 0.1 M KOH 
containing phosphate anions at pH 12.8 (solid red line). 
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Figure 6.9: The effect of phosphate adsorption illustrated by the hydrogen evolution activity during bulk CO electrolysis on 
a rough polycrystalline gold electrode in two different working electrolytes: Ar-saturated 0.1 M KOH at pH 12.7 (blue dots) 
and Ar-saturated 0.1 M KOH containing phosphate anions at pH 12.8 (red squares). 
In CO-saturated 0.1 M KOH, HPLC measurements suggested formate production, as shown in Figure 
6.10. Formate was presumably formed from residual amount of CO2 dissolved in the KOH in the form 
of CO32- anion.146   
Figure 6.10: Faradaic efficiencies for formate production on polycrystalline Au during CO2 bulk electrolysis (0.5 M 
KHCO3, pH 7.5, red dots) and during CO bulk electrolysis (0.1 M KOH, pH 12.8, black squares). Each point represents an 
individual, independent measurement. 
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During some experiments, the HPLC analysis detected trace amounts of formaldehyde, likely 
produced from the reduction of CO. However, it was close to the limit of detection (as described in 
more detail described in Section 3.6). Nonetheless, the observation that formaldehyde is formed on 
some occasions led us to investigate whether it was reduced further, for instance to methanol (see the 
free energy diagram at Figure 6.6). 
In order to increase the likelihood that trace liquid products could be detected, we prepared high 
surface area gold electrodes, i.e. a thin nanoporous gold leaf rolled onto a polycrystalline gold rod 
(described in detail in Section 3.2.4). The liquid products were measured using the static headspace 
chromatography on aliquots obtained on high surface area gold electrodes.89,90 Plot (a) in Figure 6.11 
provides an estimation of the roughness factor of a nanoporous gold electrode by comparing the 
double layer capacitance and the hydrogen evolution current densities at -0.25 V vs. RHE from cyclic 
voltammetry. The capacitance increased by roughly two orders of magnitude. On plot (b) in this 
figure, the chromatographs show FID signals obtained from the analysis of aliquots produced in CO 
bulk electrolysis experiments on high surface area nanoporous gold leaves. The calibration 
chromatograph is plotted along with the aliquots from reactions at four different potentials. Apart 
from consistent detection of the trace amounts of CH4 from the air, no significant concentrations of 
methanol were detected. Trace amounts of methanol correspond to Faradaic efficiencies less than 0.1 
%. 
 
Figure 6.11: (a) Cyclic Voltammograms performed on Au sheet with roughness factor 1.5 (red line) and on nanoporous gold 
leaf (black line). The CV indicates high roughness factor of nanoporous gold electrode. (b) Chromatographs showing the 
FID signal obtained from aliquot analysis from CO bulk electrolysis on high surface area nanoporous Au at various 
potentials in 0.1 M KOH (pH 12.8). The chromatographs are contrasted with the calibration chromatograph obtained using a 
known concentration of products (shown here: 100 μM methanol and 100 μM ethanol signals from flame ionisation 
detector-FID). Apart from methanol and ethanol signals, there is a signal at retention time 2.1 min, corresponding to the 
traces of CH4 present in air. 
b) a) 
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6.4 Post-reaction electrochemical characterisation of rough polycrystalline 
gold 
 
6.4.1 Stripping on gold after CO2 reduction in neutral media 
 
The stripping experiments was performed immediately after the electrolysis measurements on gold in 
CO2-saturated 0.5 M KHCO3 at -0.69 V vs. RHE. After 15 min of electrolysis, the potential was kept 
at +0.1 V vs. RHE, while Ar was purged through the cell for 20-30 min to remove any dissolved CO 
from the solution, whereby the pH value of the electrolyte stabilised at values between 8.7 and 9.  
These experiments were performed with the intention of electrochemically detecting the reaction 
intermediates at the surface undergoing oxidation at positive potentials.  
 
Figure 6.12: Cyclic Voltammetry on Au(pc) in 0.5 M KHCO3. CVs recorded in following procedure: (1) performing CO2 
reduction at -0.69 V for 15 min, (2) purging for 20-30 min with Ar while holding at +0.1 V vs. RHE and (3) ramping the 
potential to 1.6 V vs. RHE. The potentials are corrected for measured pH value of the 0.5 M KHCO3 after Ar purge being 
 ~9. The total stripping charge corresponds to 260 μC.cm-2.  
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On Figure 6.12, two peaks are arising after 15 min of CO2 reduction reaction at -0.69 V vs. RHE. The 
first peak is smaller in charge and appears at broader range of potentials with the center around  
+0.6 V. The second peak is more pronounced and is centred at ~ 1.0 V.  Given that both CO and 
formate are products of the reaction, it seems plausible that the peaks correspond to the oxidation of 
the irreversibly adsorbed form of these species.  CO is adsorbed on Au surfaces both in acid and in 
base, although the saturation coverage is generally much higher in the alkaline solutions.147 The peak 
at 1 V is consistent with CO adlayer oxidation experiments in base and acid on different Au 
surfaces.139-141,147-149 The earlier peak centred at 0.6 V coincides with the region where the bulk 
oxidation of formate takes place;150 we may tenatively assign it to the oxidation of an irreversibly 
adsorbed formate adlayer. 
 
6.4.2 Stripping on gold after CO reduction in alkaline media 
 
To explore if there are any intermediates formed at the surface of gold during the CO electrolysis in 
alkaline media, we performed cyclic voltammetry after a CO reduction reaction on gold at -0.7 V vs. 
RHE, as shown in Figure 6.13. 
 
Figure 6.13: Cyclic Voltammetry on Au(pc) in 0.1 M KOH – oxidation of intermediates after CO reduction for 60 min on 
Au at -0.7 V vs. RHE. Red line represents the first scan following the electrolysis obtained after holding 20-30 min at -0.15 
V vs. RHE while purging Ar, corresponding to the surface charge of 70 μC.cm-2 ; black line is a stable CV after several 
cycles.  
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The stripping CV in Figure 6.13, exhibits an oxidation current peaking around 1 V, and an oxidation 
charge of 70  μC cm-2. The position of the peak is consistent with CO adlayer oxidation experiments 
on polycrystalline Au, measured by Kita et al147.  The charge is somewhat smaller, as it is very 
sensitive to the experimental conditions, including pH and adsorption potential141, time and the 
conditions under which the electrolyte is purged of CO. 
 
6.4.3 XPS surface characterisation 
 
XPS surface characterisations following various CO2 and CO bulk electrolysis measurements 
confirmed the presence of only metallic Au with some traces of adventitious oxygen and carbon, as 
well as potassium traces coming from the electrolyte. No metallic contaminants were found. 
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6.5 Discussion and conclusions 
 
The electrolysis measurements using CO2 and CO as initial reactant gases, theoretical considerations 
based on DFT calculations, as well as the post-reaction oxidation CVs indicate towards few important 
conclusions: 
(1) CO2 reduction forms only CO and formate as products, within detection limits. 
(2) During CO reduction in KOH, only trace amounts of CO are reduced, to formaldehyde, at the limit 
of detection (<0.5% Faradaic efficiency). High surface area gold showed trace amounts of methanol, 
less than 0.1 % Faradaic efficiency. 
(3) DFT calculations on Au(211) suggests that the electrochemical reduction of 1 bar CO (g) to 
formaldehyde and methanol should be downhill in free energy at a potential negative of -0.41 V. 
However, on the basis of the DFT calculations, a plausible reason that CO does not reduce further 
would be because it simply desorbs.  
(4) Despite (3), above, the stripping experiments following CO electrolysis and CO2 electrolysis 
measurements at -0.7 V suggest that a significant coverage of an adsorbate derived from CO2 or CO is 
formed during the reaction.  In alkaline electrolyte, it seems reasonable to assume that the adsorbate is 
CO, consistent with very similar experiments by Kita et al. Few studies, if any have addressed CO 
adsorption under neutral conditions.  However, CO also adsorbs in acid, albeit rather more 
weakly148,151 Consequently, we conjecture that in neutral solution CO is also adsorbed at the surface, 
tentatively in combination with adsorbed formate. 
Given that CO is known to adsorb from the gas phase onto Au both in alkaline and in acid, it seems 
reasonable to assume that at least part of this coverage is due to adsorbed CO, and the remainder due 
to the adsorbed formate. However, the notion that an irreversibly adsorbed CO adlayer is formed is 
not completely consistent with (3) above, suggesting fast CO desorption kinetics.  Given the high rate 
at which CO desorbs under reaction conditions, it is somewhat surprising that CO remains on the 
surface during the 20-30 minutes between the end of the electrolysis measurement and the 
commencement of the stripping experiment, during which time the electrolyte is purged with argon.  
For instance, at a potential of -0.69 V, in neutral media, CO is evolved at a partial current density of 
ca. -2 mA.cm-2; at this rate, it would only take ~0.1 seconds to desorb all the adsorbed *CO detected 
during the stripping experiment (assuming that all stripping charge from peak at 1.0 V in Figure 6.10, 
195 μC.cm-2, corresponds to CO).This would suggest that the precursor to the CO that is evolved 
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during electrolysis is a more weakly bound CO than the CO that is oxidised during the stripping 
experiment.  
Similarly, Rodriguez et al observed that bulk CO oxidation proceeds at much more negative potentials 
than CO adlayer oxidation, indicating the presence of two types of CO.139,142 Thus, the CO that is 
oxidatively stripped could be on a different, stronger binding site than the CO that is evolved. 
Alternatively, under reaction conditions, there is a high coverage of CO at the active site, which could 
also lead to weaker bound CO, due to repulsive adsorbate-adsorbate interactions.152 Koper and co-
workers also reported the existence of “physisorbed” and “chemisorbed” CO in experimental and 
theoretical studies.141,153 Moreover, experiments by several groups made analogous observations 
regarding CO oxidation: in the presence of CO in the solution, under which conditions the CO 
coverage could be higher, CO oxidation occurs at a much higher rate; this is consistent with the notion 
that a weaker bound form of CO exists at high coverage.141,147,151 The actual absolute CO binding 
energy on Au may be slightly lower than initially estimated by DFT calculations. However, the 
consequences of this for the CO coverage on gold surface and the kinetics of CO evolution require 
further investigations. 
(5) Based on the free energy diagram on Figure 6.6, should there be a significant coverage of CO at 
the surface of Au(211), it would get reduced further at -0.41 V. However, only negligible amounts of 
more reduced products were observed.  Importantly, this suggests that there are some additional 
kinetic barriers preventing the reduction of adsorbed CO, which are not captured by the 
thermodynamic analysis in the free energy diagram in Figure 6.6. 
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6.6 Summary of CO2 and CO reduction on rough polycrystalline gold 
 
CO2 electro-reduction on polycrystalline gold in bicarbonate based electrolyte confirmed the activity 
for formation of three major products: hydrogen, CO and formate. Highest current efficiencies of ca. 
90 % were measured in potential range from -0.4 V to -0.7 V vs. RHE. Formate is produced with 
efficiencies ranging from 0 - 10 %.  
Opposite to copper, DFT calculations predict a possible methanol production on gold, if CO is 
reduced further. The standard redox potential for CO reduction to CH3OH is +0.076 V (see Latimer-
Frost plot in Chapter 2, Figure 2.7). Since Au binds *CO weakly (see Figure 6.6), the chemical step of 
CO(g) adsorption is considered to govern the formation of *CHO at the surface. At 1 bar CO (during 
CO electrolysis) relative to 0.001 bar CO (during CO2 electrolysis), DFT predicts a slightly less 
negative limiting potential, shifting from -0.59 V to -0.41 V (the limiting potentials for Au(211) are 
summarised in Table 7.1, Section 7.1).  
However, the electrolyses performed in CO saturated 0.1 M KOH with pH 12.8  showed almost 100 
% efficiencies for hydrogen evolution reaction. Occasionally, at -0.5 V and -0.6 V, trace amounts of 
formaldehyde were measured, at the limits of detection limit of the HPLC. Even in alkaline media, 
formate was formed during bulk electrolysis conditions, produced from CO2 originating from the 
chemical decomposition of  CO32-. Stripping voltammetry performed post reactions in CO-free 
electrolyte, indicated that a significant coverage of adsorbates are formed during the reaction, 
presumably CO, consistent with experiments by others showing that CO adsorbs onto Au surfaces 
under neutral or alkaline solutions. That implies a possibility of existence of two types of CO: in high 
coverage regime – CO  binding weakly and in low coverage regime – the stronger bound CO.  
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CHAPTER 7 
 
 
7. Alloyed gold for CO2 and CO electro-reduction  
 
This chapter introduces the concept of breaking scaling relations via alloying in more detail. We 
provide an introduction into the theoretical modelling based on DFT calculations. The DFT methods 
used in search for new active and selective model catalysts for CO2 electro-reduction are presented. 
Furthermore, we present extensive experimental work carried out on the Au3Cd catalyst, identified as 
the most promising candidate for efficient methanol production, in the worst case possessing highest 
CO evolution activity. Finally, we contrast the obtained results with the initial theoretical model, in 
order to improve it and understand the additional processes governing the overall activity of Cd-
alloyed Au electrodes under reactive conditions.  
 
7.1. Density Functional Theory Calculations 
7.1.1. Breaking scaling relations via alloying 
 
One of the strategies for breaking the scaling relations and thus, achieving less negative limiting 
potentials, suggested by Jens Nørskov and coworkers55, involves using a catalyst with bifunctional 
properties. Similar approaches have been used with other related electrochemical reactions: for 
example PtRu or PtCu for methanol oxidation and CO oxidation.88,154-159 
As previously described in Chapter 2 on Figure 2.13, the origin of overpotential for CO2 reduction on 
metals at the strong CO binding side of the volcano - eg. Pt, Ni - is the protonation of the adsorbed 
*CO.55 However, for metals that bind CO weaker (such as Cu, Au and Ag), the very first protonation 
of the CO2 molecule is the reaction step most uphill in free energy.  
CO2(g) + * + e- + H+(aq) o *COOH*    (7.1) 
*COOH* + e- + H+(aq) o *CO + H2O(l)    (7.2) 
*CO o CO(g) + *     (7.3) 
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Equations 7.1, 7.2 and 7.3 describe the steps and intermediates involved in the electrochemical 
reduction of CO2 to CO. A kinetic two-dimensional volcano plot on Figure 7.1 shows theoretically 
predicted partial current densities for CO evolution.85 The volcano identifies numerous transition 
metals and bimetallic alloys included in the screening following strong scaling relations between the 
binding of *COOH and *CO. In other words, these metals have limited activity, since they cannot 
have a fast initial CO2 activation without being limited by *CO removal. 
The screening of bimetallic alloys performed by Nørskov’s group included a large number of 
transition metals forming alloy compositions in ratio of 3:1 (of type X3Y). Among several alloys that 
potentially have higher activity for CO evolution (red region on the volcano) one of the most 
promising is Au3Cd, because it has a respectable stability under reaction conditions. 
Figure 7.1: 2D kinetic volcano plot – Scaling of binding energies for COOH* relative to CO* on pure transition metals 
(white dots) and bimetallic alloys of type X3Y (black dots). Colored region represents logarithmic values of current densities 
calculated using data from15. Figure made by Heine A. Hansen. 
From previous theoretical considerations for CO2 reduction to methanol on pure gold surface, we have 
pointed towards the step in the reaction mechanism that might be responsible for slow kinetics of 
further CO reduction.  As discussed in Chapter 6, that potential limiting step corresponds to the 
hydrogenation of the adsorbed *CO to *CHO intermediate (reaction step 7.4).  
*CO + e-  + H+(aq) o *CHO   (7.4) 
CO(g) + e-  + H+(aq) o *CHO   (7.5) 
However, for surface with weak CO binding, it may be more relevant the chemical step of adsorption 
of CO from the gas phase, followed by its further reduction to *CHO (reaction step 7.5). 
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In any case, the stabilisation of *CHO relative to *CO would result in a lower limiting potential and 
thus, conversion of CO2 to useful fuels with less energy input. The binding energy of the *CHO 
intermediate is mainly determined by its interaction with the surface through the carbon atom. 
However, as suggested by Peterson et al, it may also to a certain extent be affected by its interaction 
via oxygen atom, in an alloy containing an oxophillic element.55 This interaction may influence the 
final geometry of *CHO intermediate at the surface and so affect its binding and stabilisation with 
respect to adsorbed *CO. 
On Figure 7.2, a two-dimensional activity map is represented showing a linear dependence between 
the*CO* and *CHO binding on various pure transition metals marked as yellow dots. The color scale 
represents the variation of the limiting potential. Unfortunately, the majority of transition metals have 
limiting potentials more negative than -0.6 V vs. RHE for this step. Calculated values for the limiting 
potentials of alloys are marked as small crosses. In the region below the diagonal, the limiting 
potential ranges from -0.6 V to as low values as 0 V vs. RHE. Au3Cd, marked as black triangle, falls 
into the green region with limiting potential of ca. -0.45 V vs. RHE. 
Figure 7.2: 2D-activity map - Scaling of binding energies of CO* and CHO* intermediates on pure transition metals (yellow 
dots) and bimetallic alloys of type X3Y (small crosses), among which the black triangle corresponds to Au3Cd. Colored 
regions represent values of predicted limiting potentials for adsorbed CO hydrogenation. Figure made by Heine A. Hansen. 
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7.1.2. Stability of alloys 
 
The alloys predicted to be very active by theoretical calculations should additionally be stable under 
reaction conditions - at the working potential and at the pH value of the working electrolyte. Figure 
7.3 shows plot of limiting potential against the free energy of formation for various alloys, taking into 
account their alloying energies, as well as their stability in solution at pH 7 and at 0 V vs. RHE. From 
this plot one can easily deduce that the most stable candidates should have most negative free energies 
of formation, while the most active should have least negative value of limiting potential UL (upper 
left quadrant in Figure 7.3). Cadmium alloyed gold (Au3Cd) stands out amongst the candadiates for its 
relatively positive limiting potential and appreciable stability.  
 
Figure 7.3: Stability plot – Predicted limiting potential for alloys against their stability represented as the free energy of 
formation (taking into account alloying energy and stability in electrolyte at pH 7 and 0 V vs. RHE). Au3Cd has shown the 
least negative limiting potential (-0.46 V) with appreciable stability (ΔGForm = -0.06 eV/atom). Figure made by Heine A. 
Hansen. 
 
7.1.3. Selectivity of Au3Cd - CH4 vs. CH3OH 
 
On Figure 7.4, a whole free energy diagram for CH4 and CH3OH pathways is considered at -0.46 V 
vs. RHE, which is the limiting potential for initial CO2 activation on Au3Cd. At this potential, all 
following steps of CO2 reduction on Au3Cd are downhill in free energy, while Au and Cu still possess 
uphill steps – Au for CO2 activation and Cu for *CO hydrogenation. However, the adsorbed *CO is 
slightly destabilised on Au3Cd relative to pure Au. Since *CO is weaker bound on Au3Cd than Au, 
123 
 
this suggests that it should desorb faster. Considering this and favorable energetics of CO2 activation, 
one could anticipate that Au3Cd is a more active catalyst for CO evolution than Au.  
Furthermore, already at potential of -0.46 V vs. RHE, the *CHO intermediate is more stable on Au3Cd 
relative to both pure Au and pure Cu.  This means that as long as the rate of desorption of *CO is not 
much greater than the rate of its reduction, then, it should be downhill in free energy to reduce it 
further to *CHO at this low overpotential. Based on the free energy diagram alone, one cannot predict 
whether *CO will get reduced further, or simply desorb as gas phase CO.  This would be dependent 
on the exact kinetic barriers and prefactors for *CO desorption versus *CO electro-reduction, which 
cannot be calculated accurately using current theoretical models.  The CH2O* intermediate formed 
after the fourth proton electron transfer has a similar thermodynamic stability on all three surfaces. 
Figure 7.4: Free energy diagram at -0.46 V vs. RHE for Cu (red line), Au (yellow line) and Au3Cd (black line). All the 
species marked with a * are in adsorbed state, as opposed to CO(g), HCHO, CH3OH and CH4, whose levels are independent 
of potential and hence marken as green. The binding energies are calculated assuming 1 bar CO2 pressure and 0.001 bar CO 
pressure at 298.15 K.  Figure made by Heine A. Hansen. 
 
If the CH2O* intermediate, instead of desorbing as formaldehyde, proceeds to react further, allowing 
the fifth and sixth proton electron transfer, the free energy diagram suggests preferable formation of 
methanol (CH3OH) on Au3Cd and Au, compared to Cu, which produces methane (CH4).  
According to the theoretical calculations, the affinity of the catalyst to atomic oxygen may play a 
crucial role in determining the selectivity between methane and methanol. As already mentioned, 
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copper binds oxygen rather strong and its experimentally measured activity for methane is much 
higher than for methanol. Following these theoretical considerations, on Au3Cd, the model suggests 
higher activity towards methanol than methane.  
 
7.1.4 Variety of surface compositions of Au-Cd system 
 
Several variations of surface composition of Au-Cd system are considered for calculating the free 
energy diagram shown on Figure 7.5:  
a) Au3Cd – corresponds to a bulk alloy, Au3Cd(211), (black line) 
b) AuCd3 on Au – corresponds to a Cd rich surface alloy, AuCd3(211) on Au(211), (green line) 
c) Au3Cd on Au – corresponds to a Au rich surface alloy, Au3Cd(211) on Au(211), (blue line) 
d) CdAu step on Au – corresponds to Cd atoms along the Au(211) step, (purple line) 
e) Au(fcc) – corresponds to Au(211), (yellow line) 
f) Au on Au3Cd – corresponds to Au(211) on Au3Cd(211). (cyan line)  
 
Au3Cd represents the bulk alloy combining both the ligand and strain effects. Surfaces marked under 
b) and c) would correspond to Cd-rich and Au-rich surface alloys, respectively, with a bulk composed 
of pure Au. The CdAu step on Au models Au surface with Cd confined only to the (211) step sites. 
Au(fcc) models the active site on a rough gold surface. Au on Au3Cd provides information about a 
bulk alloy with an overlayer of Au, which would model the structure obtained by leaching of Cd or 
the segregation of Au to the surface.  
The plot in Figure 7.5 indicates that the presence of Cd stabilises the *COOH intermediate by up to 
0.25 eV, relative to pure Au.  It also shows that the other compositions with Cd at the step exhibit 
similar, albeit somewhat less pronounced stabilisation of *COOH. According to the calculations, the 
overpotential for CO evolution should increase in the following order: Au3Cd << CdAu step on Au < 
Au3Cd on Au < AuCd3 on Au << Au(fcc) < Au on Au3Cd. 
It is downhill in free energy to form CO in the gas phase, relative to adsorbed *CO on all surfaces; 
this would imply that  *CO may desorb rather than reduce further. The free energy change for this 
step increases (i.e. becomes more exorgenic) in the following order: Au3Cd on Au < AuCd3 on Au < 
Au3Cd ൎ CdAu step on Au << Au on Au3Cd < Au(fcc).  Notably, for the latter two surfaces, i.e. 
pure Au and the Au overlayer, although CO desorption is only slightly downhill in free energy, i.e. it 
is close to thermoneutral. 
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Figure 7.5: Free energy diagram of first three steps of CO2 electro-reduction on various surface compositions of Au-Cd 
alloy system at -0.46 V vs. RHE. Figure made by Heine A. Hansen. 
 
Assuming that there is an additional kinetic barrier for CO desorption and that it remains on the 
suface, the overpotential for *CO reduction to *CHO should increase in the following order: AuCd3 
on Au < Au3Cd < CdAu step on Au ൎ Au3Cd on Au << Au(fcc) ൎ Au on Au3Cd.  If CO is reduced 
from the gas phase, the overpotential for its reduction to *CHO should increase in the following order 
Au3Cd << CdAu step on Au < Au3Cd on Au ൎ Au(fcc) < AuCd3 on Au << ൎ Au on Au3Cd. << 
AuCd3 on Au.   
In summary, on the basis of the calculations above, Au3Cd should shows the lowest overpotential for 
CO evolution and CO reduction. All surfaces with Cd in the surface layer should show improved CO 
evolution, and will typically show improved CO reduction activity.  Of all the surfaces, only the Au 
overlayer should show slightly lower activity for CO evolution than Au, and similar activity for CO 
reduction. 
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7.1.5 Formate production on Au3Cd 
 
The free energy diagrams shown on Figure 7.6 indicate lower free energy pathways for formate 
production relative to CO evolution in both neutral (a) and alkaline (b) environment. The selectivity 
towards formate, determined at the initial step of CO2 activation is a consequence of 
thermodynamically more facile hydrogenation of carbon (to form *OCHO*) relative to oxygen (to 
form *COOH), on both Au and Au3Cd. Nevertheless, on polycrystalline Au, experimental 
measurements show that CO evolution prevails over formate production58, the reason being most 
likely a high barrier for the carbon hydrogenation step.  
 
Figure 7.6: A free energy diagram for formate production in comparison to CO production on Au and Au3Cd at -0.46 V vs. 
RHE: (a) pH 7 and (b) pH 13. Figure made by Heine A. Hansen. 
 
  
b) a) 
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7.1.6. Hydrogen Evolution Reaction on various Au-Cd surface compositions 
 
Since the HER represents a competitive reaction to CO2 reduction, the ideal CO2 electro-reduction 
catalyst should be inactive for hydrogen production. On Figure 7.7, a free energy diagram for various 
Au-Cd surface compositions at 0 V vs. RHE is shown. The free energy diagram predicts that the HER 
would be more uphill in free energy on all Cd-containing surfaces, relative to Au(211), i.e. all Cd 
containing materials would exhibit a lower HER activity than Au(211).  The overpotential increase in 
the following order Au(fcc) << Au on Au3Cd < Au3Cd << Au3Cd on Au ൎ CdAu step on Au ൎ 
Au3Cd on Au < AuCd3 on Au. 
Figure 7.7: Free energy diagram for hydrogen evolution reaction on various Au-Cd alloy surface compositions at 0 V vs. 
RHE. Figure made by Heine A. Hansen. 
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7.1.7 Summary of theoretical modelling by DFT 
 
 
 
Summarising, the DFT calculations propose a strategy which employs bimetallic alloys to break the 
scaling relations between the binding of the relevant intermediates, thus allowing downhill energy 
pathways for a challenging multi-electron transfer CO2 reduction at lower overpotential. The 
screening of alloys identified Au3Cd as the most promising catalyst predicting to be more active than 
Au towards CO evolution, while simultaneously exhibiting suppressed competitor hydrogen evolution 
reaction. The calculations also suggest that CO may reduce to methanol.  The differences in activity 
of various Au-Cd structures and compositions should not affect the overall outcome of CO2 reduction. 
The limiting potentials for various reaction steps on Au(211) and Au3Cd(211) are shown in Table 7.1. 
Additionally, the table provides values of limiting potentials for the chemical step involving 
adsorption of CO from the gas phase, followed by the electrochemical step to form *CHO. Reducing 
CO at 1 bar relative to CO at 1 mbar (i.e. at 1 bar CO2), shifts the limiting potentials by 180 mV less 
negative. The DFT calculations predict that Au3Cd(211) surface, shown in Figure 7.8, exhibits the 
lowest theoretical overpotential for methanol production from 1 bar CO reduction,  
being 0.076 V – (–0.29 V) = 0.366 V. 
 
Table 7.1: Summary of limiting potentials for various reaction steps of electrocatalytic CO2 and CO reduction on Au(211) 
and Au3Cd(211) at 1 bar CO2 and 298.15K. Additionally, the limiting potentials for direct formation of *CHO from CO(g) 
are calculated considering 0.001 bar and 1 bar pressure of CO.  
 
 
  
Surface Au(211) Au3Cd(211) 
Reaction step UL / V (RHE)  
at 0.001 bar CO 
(CO2 reduction) 
UL / V (RHE)  
at 1 bar CO 
(CO reduction) 
UL / V (RHE)  
at 0.001 bar CO 
(CO2 reduction) 
UL / V (RHE)  
at 1 bar CO 
(CO reduction) 
CO2 → *COOH -0.77  -0.77 -0.46 -0.46 
*CO → *CHO -0.40 -0.40 -0.17 -0.17 
CO (g) →*CHO -0.59 -0.41 -0.47 -0.29 
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Figure 7.8: Model of Au3Cd(211) surface showing CO2 reduction to CH3OH. Figure made by Juan Maria Garcia Lastra. 
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7.2 CO2 electro-reduction on Au3Cd bulk alloy and Cd/Au surface alloy 
 
On the basis of the theoretical screening study described above, we set up the experiments on a sheet 
of Au3Cd bulk alloy consisting of CO2 bulk electrolysis in various electrolytes and post-reaction 
surface and adsorbates characterisation. The electrolysis involved setting up numerous detection and 
quantification methods, many of which were new to our laboratory: including gas and liquid 
chromatography, NMR spectroscopy, static headspace analysis.   
As an alternative to using the bulk polycrystalline alloy sheet of Au3Cd, we also prepared and tested a 
Cd/Au surface alloy with Cd coverage in range of 0.1 – 0.3 ML.  As described in Section 2.1.4, the 
Cd/Au(111) was previously investigated by Stickney and coworkers, who explored the relationship 
between the Cd coverage and surface structure by STM imaging.34  The DFT calculations shown in 
Section 7.1 suggest that the CO2 reduction activity of a Cd decorating the step edge of Au(211) or 
Cd/Au surface alloy on a bulk Au(211) surface should be almost as high as that of a bulk alloy.   
 
7.2.1 Characterisation of Au3Cd bulk alloy sheet 
 
X-ray crystal diffraction  
 
The initial X-ray diffraction measurements done on Au3Cd sheet indicated several reference 
crystallographic phases, which are also listed on the Inorganic Crystal Structure Database160:  
x Pt3Pu, cubic (Pm-3m, a=b=c= 4.107 Å)  
x Au4Zr, orthorhombic (Pnma, a=5.006 Å, b=4.845 Å, c=14.294 Å) 
x Au3Cd, tetragonal (P4/mmm, a=b=4.107 Å, c=4.138 Å)161 
 
The primitive cubic phase described above would have a similar structure to face centred cubic (FCC) 
Au, albeit with one in four Au replaced with Cd.  Given that Au has a lattice parameter of 4.07 Å, 
Au3Cd would exhibit tensile strain of ca. 1% relative to Au162 as shown in equation 7.6: 
 
ߜ ൌ ସǤଵଵሺୟ୪୪୭୷ሻିସǤ଴଻ሺ୅୳ሻସǤ଴଻ሺ୅୳ሻ ൎ ͳΨ    (7.6) 
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Angle Resolved X-ray Photoelectron Spectroscopy 
 
Figure 7.9 (a) represents a typical angle resolved X-ray photoelectron spectroscopy depth profile of 
the surface upon sputter cleaning. Both Cd 3d and Au 4f lines are observed at the surface, ratio being 
approximately the expected 3:1, i.e. surface concentration of Cd was in range of 20-27 %.  
After sputter-cleaning, the sample is normally transferred from the UHV chamber into the 
electrochemical cell with inevitable, but short exposure to the air (lasting no longer than 2 min). In 
order to simulate the effect of air exposure on the sample, we recorded the depth profile after the 
exposure of the clean sample to the air for 10 min, shown on Figure 7.9 (b). Carbon and oxygen lines 
are observed at the very surface, arising from adventitious contamination. However, the most 
important observation is that the amount of Cd at the surface does not decrease significantly. Upon 
immersion to the cell, the impurities should be removed by performing cyclic voltammetry. 
 
Figure 7.9: (a) Angle Resolved -XPS depth profile of Au3Cd sheet following its sputter-cleaning in UHV chamber and (b) 
Angle Resolved – XPS depth profile after the air exposure for 10 min. The XPS measurements were performed by Paolo 
Malacrida (CINF). 
 
Electrochemical Impedance Spectroscopy for Roughness Factor Estimation 
 
For purpose of accessing the roughness factor of a sputter-cleaned Au3Cd sheet, we compared the 
capacitances measured on a smooth polycrystalline gold disc electrode, prepared in previously 
described manner to ensure the roughness factor of 1 and the capacitance measured on the same disc 
electrode with depositing the amount of cadmium onto gold, corresponding to coverage of 0.25 ML. 
b)  a)  
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Figure 7.10 shows a set of double layer capacitance measurements performed on the three electrodes 
using electrochemical impedance spectroscopy at various potentials in CO2 saturated 0.5 M KHCO3 
with pH 7.7.  
 
Figure 7.10: Demonstration of use of the electrochemical impedance spectroscopy (EIS) for estimations of the roughness 
factor, i.e. the real surface area of a bimetallic catalyst via measuring the double layer capacitance. Green triangles 
correspond to values of double layer capacitance of a smooth, flame-annealed polycrystalline gold surface; black triangles 
correspond to a flat Cd/Au surface alloy; blue squares correspond to the sample of unknown roughness (sputter-cleaned 
Au3Cd sheet). The measurements are done in CO2 saturated 0.5 M KHCO3 in the potential region where neither cadmium 
dissolution nor hydrogen evolution should have a significant effect on the double layer capacitance. 
 
The potential range was chosen with the respect to the dissolution potential of Cd and in the region 
where there is no hydrogen evolution activity, in order to avoid the effect of these processes on the 
capacitance measurements. At each electrode potential, an EIS spectrum was taken within ac 
frequency range from 50 Hz to 1MHz. 
Using the double layer capacitance value obtained for 0.25 ML Cd/Au(pc) at 0.05 V vs. RHE –  
113.4 μF.cm-2, we estimated the roughness factor of a Au3Cd sheet cleaned by sputtering to be ~3.3.  
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7.2.2 CO2 electrolysis results on Au3Cd 
 
The CO2 electrolysis measurements on Au3Cd bulk alloy are performed in electrochemical cell in 6-8 
mL of electrolyte (CO2 saturated 0.5 M KHCO3, pH 7.6) in a closed system. The electrolysis was 
running for 30 min, or 60 min in cases of very low current densities. The measurements on Au3Cd 
sheet in this section were conducted in sets and not each independently. Once sputtered, the Au3Cd 
sheet was introduced to the cell and held under potential control, so no Cd dissolution could occur. On 
the other hand, the potential was chosen according to the magnitude of the cathodic current, usually 
around -0.2 V vs. RHE. This ensured that no products were systematically omitted in our analysis. 
The electrolysis data was recorded by lowering the potential to the required value for a fixed amount 
of time. The data was recorded in two sets, whereby before each set the Au3Cd sheet was sputter-
cleaned. In first set, the electrolysis started at least negative potentials, taking each next measurement 
at more negative potential, in steps by 200 mV: -0.3 V, -0.5 V, -0.7 V and -0.9 V.  Second set was 
recorded in opposite order, as follows: -0.8 V, -0.6 V and -0.4 V. In that manner, the effect of 
electrode pretreatment was minimised. The Ohmic drop correction was applied during the 
measurements automatically within the software, accounting for 85 % of the iR drop, whereby the rest 
15 % were corrected for manually.  
Upon the electrolysis at a certain potential, the product analysis from both gas and liquid samples 
were done, showing three major reaction products: hydrogen, CO and formate. The electrolysis 
charge balanced the quantified products with ± 5 % discrepancy in most of the cases. Occasionally, up 
to 15 % unbalanced charge was observed. In order to clarify whether this was a random leak of the 
gaseous products from the system or a possible undetected liquid product, we employed the headspace 
analysis using gas chromatography (see section 3.6). Notably, despite the sensitivity of this technique, 
we could not detect any of the small organic molecules reported in earlier studies15,39 as CO2 reduction 
products.   
The Faradaic efficiency towards CO, formate and H2 production during the CO2 electrolysis 
measurements on Au3Cd and Au  is shown on the upper panels on Figure 7.11, from -0.3 V to -0.9 V 
RHE (the data for pure Au was also shown in Figure 6.5). On the lower panels on Figure 7.11, the 
respective partial current densities for these products are shown.  
In contrast to the DFT predictions, the partial current densities, and hence Faradaic efficiency, 
towards CO evolution was actually higher for Au, than Au3Cd.  On the other hand, the partial current 
density towards H2 evolution is remarkably similar between Au and Au3Cd. Interestingly, the partial 
current densities towards formate production are roughly two- to threefold higher on Au3Cd than Au 
in potential region from -0.4 V to -0.8 V. 
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Figure 7.11: (Upper panels) Faradaic Efficiencies for CO2 electro-reduction on a sheet of bulk alloy Au3Cd relative to 
polycrystalline Au for the three major products: CO, HCOO- and H2. (Lower panels) Partial current densities of bulk alloy 
Au3Cd relative to polycrystalline Au for the three CO2 reduction products: CO, HCOO- and H2. Note current density is 
plotted on logarithmic scale. The current normalisation involved use of data obtained from the electrochemical impedance 
spectroscopy (as roughness factor for Au3Cd sheet we used 3.3 and for polycrystalline Au sheet 1.5). The electrolysis was 
done in 1 bar CO2-saturated 0.5 M KHCO3 at pH 7.6. The data points were recorded in two sets, before each the Au3Cd 
electrode was sputter-cleaned. The sets were as follow: -0.3 V, -0.5 V, -0.7 V and -0.9 V. Second set was done in following 
order: -0.8 V, -0.6 V and -0.4 V. 
 
7.2.3 Post reaction characterisation of Au3Cd sheet by AR-XPS 
 
Figure 7.12 (a) shows a depth profile obtained on a Au3Cd sheet after its brief exposure (30 seconds) 
to the electrolyte without potential control, and then drying in a stream of Ar. At the very surface 
there are traces of carbon (C) and oxygen (O) lines, presumably from organic contaminants that 
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would have accumulated during the transfer from the cell to the UHV chamber. The traces of 
potassium (K) are from the electrolyte.   
The Cd in the bulk showed a Cd 3d5/2  XPS line at a binding energy of 404.6 eV, consistent with 
metallic Cd.163  However, closer to the surface another Cd species exists, with a shift of 1.2 eV 
towards higher binding energies; this is consistent with CdO.  Typically on Au3Cd, the open circuit 
potential in CO2 or Ar-saturated bicarbonate buffer came to +0.3 V vs. RHE.  At such potentials, Cd 
is unstable against dissolution.  However, the presence of Cd right up to the surface layer shows that 
the dissolution is not extensive (c.f. XPS depth profiles performed using the same instrument for acid-
leached pure Pt overlayers on bulk Pt alloys).164  
 
Figure 7.12: (a) Angle Resolved -XPS depth profile of Au3Cd sheet after its exposure to the electrolyte (0.5 M KHCO3,  
pH 7.5) at open circuit potential (ca. +0.3 V vs. RHE, 0.35 V of overpotential for Cd dissolution) for 30 seconds; (b) Angle 
Resolved – XPS depth profile on Au3Cd sheet after the bulk CO2 electrolysis at -0.5 V vs. RHE in 0.5 M KHCO3, pH 7.5 
(electrolyte removed rapidly from the cell and the sample dried in Ar flow). The XPS measurements were performed by 
Paolo Malacrida (CINF). 
 
The plot in Figure 7.12 (b) shows a depth profile obtained on a Au3Cd sample following a bulk CO2 
reduction electrolysis measurement at -0.5 V vs. RHE in 0.5 M KHCO3. Although the figure is the 
output of a single measurement, similar profiles were obtained of the bulk Au3Cd sample following a 
number of different electrolysis experiments, including electrolysis in CO-saturated 0.1 M KOH  (see 
section 7.3); for each measurement the profile was remarkably similar to Figure 7.12 (b).  To remove 
the sample, the electrolyte was flushed out under potential control, and the sheet was dried in a stream 
of Ar purge. The profile is qualitatively very similar to the sample exposed to open circuit, albeit with 
an apparently thinner surface layer of Au and CdOx.  The absence of K could be attributed to a lower 
amount of residual electrolyte at the surface following emersion from the electrolyte than for the 
sample shown in Figure 7.12(a).  It should be noted that the depth profiles are generally more 
a)  b)  
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qualitative than quantitative.  A more quantitative measure of the composition can be made by 
comparing the Au:Cd and Au:CdOx ratio of the photoelectrons emitted at 21 degrees to the sample 
normal; this showed that Au:Cd ratio was 6:1 at the surface, increasing as going deeper, i.e. to higher 
angles.  It is likely that under reaction conditions, i.e. below – 0.3 V vs. RHE at pH 7.5, the Cd would 
be reduced to the metallic form, given that the standard potential for Cd reduction is -0.4885 V vs. 
NHE34 (i.e. -0.05 V vs. RHE at pH 7.5). In the acidic and neutral pH region, surface Cd will be in 
equilibrium with Cd2+ ions, while at higher pH values, the stable phase at positive potentials is 
Cd(OH)2. In summary, this profile provides a strong indication that there is a significant amount of Cd 
in the surface region of Au3Cd during bulk electrolysis conditions.  Even so, it cannot provide 
information about the exact composition of the surface layer. 
 
7.2.4 CO2 electrolysis results on Cd/Au surface alloy 
 
There are several advantages for this approach over testing the bulk alloy, namely (a) Cd is deposited 
in the metallic form, and it can be tested for CO2 reduction without loss of potential control or 
exposure to the air (b) the amount of Cd at the surface can be controlled (c), also, from a practical 
viewpoint, it is much less time consuming to prepare the Cd/Au surface alloy, enabling a higher 
throughput of samples. 
On Figure 7.13, the partial current densities for CO, formate and H2 are shown after CO2 reduction on 
0.1 ML Cd/Au surface alloy in 0.5 M KHCO3, at pH 7.6.  The surface activity of gold does not seem 
to be affected by addition of rather small submonolayer amounts of cadmium. The partial current 
densities for hydrogen and CO overlap with the values obtained on polycrystalline gold electrodes. 
The main difference results to be a slightly higher activity of 0.1 ML Cd/Au for the production of 
formate.  
 
Figure 7.13: Partial current densities for CO2 reduction in 0.5 M KHCO3 at pH 7.6 on 0.1 ML Cd/Au surface alloy 
compared to polycrystalline Au. Each point represents an independent measurement lasting 30 min. The data is recorded in 
two sets – first (-0.35 V, -0.43 V, -0.5 V, -0.6 V and -0.7 V) and second set (-0.65 V, -0.55 V, -0.45 V and -0.4 V). Note the 
logarithmic scale of partial current densities. 
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In order to explore the possibility that an increased concentration of products may be formed over 
longer time periods, extended electrolysis experiments were performed on 0.15 ML Cd/Au surface 
alloy at a potential of -0.4 V.  Only formate was detected;   the formate concentration kept on 
increasing as shown in Figure 7.14 (a). The data also indicated that the efficiency for formate 
production did not change over time (Figure 7.14 b). No other products were detected at any of the 
reaction times, suggesting that no further formate reduction was occurring. 
 
Figure 7.14: Long-term formate production during CO2 electrolysis on 0.15 ML Cd/Au surface alloy at -0.4 V vs. RHE. 
(a) HPLC measured constant increase in formate concentration (cumulative values); (b) constant Faradaic efficiency of  
ca. 6 % over 18 hours of electrolysis. 
 
7.2.5 Post reaction AR-XPS analysis on Cd/Au 
 
Performing angle resolved XPS analysis on gold electrode containing 0.1 ML of cadmium after the 
CO2 bulk electrolysis showed only presence of Au 4f peak. The amount of cadmium present at the 
surface was undetectable, since no peak of Cd 3d line was measured. On the other hand, the cyclic 
voltammetry in acidic media (0.1 M H2SO4) after electrolysis confirmed the presence of 0.098±0.006 
ML of cadmium (oxidation CV not shown), essentially the same charge as the amount deposited. 
Presumably, such a small amount of Cd dissolved from the surface, as soon as potential control was 
lost. 
 
a)  b)  
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7.2.6 Summary of CO2 electrolysis measurements on polycrystalline alloyed gold 
surfaces 
 
The reproducibility of the CO2 bulk electrolysis measurements, performed on bulk Au3Cd alloy and 
various Cd/Au surface alloys, is shown on two separate plots in Figure 7.15. Plot (a) shows the 
Faradaic efficiencies, in range of potentials from -0.3 V to -0.9 V, referring to Au3Cd. Plot (b) 
represents the Cd/Au surface alloy data points, recorded in range from -0.4 V to -1.0 V. The error bars 
were assigned based on at least three different measurements. The error bars along the x-axis are 
consequence of slightly values for the ohmic resistance (see section 3.3.4). The larger error bars on 
the y-axis are due to several different factors: catalyst exact composition and structure, slightly 
different pH values of the electrolytes as well as random hydrogen leaks during electrolysis. The 
composition of the surface alloy was aimed to reach values of 0.1 - 0.2 ML Cd/Au. However, the 
inaccuracy during the deposition process may occur, being cause of slight variations in cadmium 
coverage.  Despite the error, the data obtained on the bulk alloy does not differ to large extent from 
the data obtained on surface alloy. We observed slightly higher CO production efficiencies on surface 
alloys relative to the bulk alloy.  However, this could be due to a low concentration of Cd at the active 
site for CO evolution, so that the catalytic activity behaves like a linear combination of Au and Cd. 
Additionally, our results can be compared with Hori’s measurements on Cd adatoms on Au, shown in 
Table 2.3, Chapter 2.62 Hori reports jCO/(jCO+jHCOO-) ratio to be 0.82 at a fixed total current density of  
-5 mA.cm-2, reaching  ~-0.72 V vs. RHE. In this work, for 0.1 ML Cd/Au surface alloy, at -0.7 V and 
total current density of ~-10 mA.cm-2, the jCO/(jCO+jHCOO-) ratio is ~0.95. However, for Au3Cd bulk 
alloy, at -0.7 V and total current density of ~-2.8 mA.cm-2, the jCO/(jCO+jHCOO-) ratio is ~0.87. This 
indicates that Hori produced more formate, which may be expected for smoother gold surfaces. 
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Figure 7.15: Reproducibility of CO2 electrolysis results on – (a) bulk alloy Au3Cd and (b) surface alloy Cd/Au with 0.1 - 0.2 
monolayers of Cd. The plots show Faradaic Efficiencies for major products: H2, CO and HCOO- . To provide insight about 
the total charge balance, we present the unbalanced current efficiencies (green-colored triangles). The error bars are based on 
at least three separate measurements: on x-axis errors bars represent variations in ohmic drop. The error bars on the y-axis 
may be due to several different factors: catalyst exact composition and structure, slightly different pH values of the 
electrolytes as well as random hydrogen leaks during electrolysis.  
b)  
a)  
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The CO2 reduction on Au alloyed with Cd, both bulk and surface alloy, leads to the three major 
products already observed on polycrystalline Au: H2, CO and formate. The CO evolution activity 
increases in the following order: Au3Cd << Cd/Au surface alloy ൎ Au (see Figure 7.16); this trend is 
the opposite to that which was predicted by the DFT calculations, which suggested the following 
trend: Au(fcc) << Cd/Au step on Au  < Au3Cd (see Figure 7.5).  The hydrogen evolution activity is 
the same on all surfaces, i.e.  Au3Cd ൎ Cd/Au surface alloy ൎ Au, also in contrast to DFT predictions, 
which suggested the following trend Au3Cd ൏ Cd/Au step on Au  ൏ Au(fcc) (see Figure 7.7).   The 
formate production activity is as follows: Au < Au3Cd ൎ Cd/Au surface alloy.  
Longer electrolysis experiments, for up to 18 hours, did not reveal the presence of any additional 
products, apart from formate.  The increased rate of formate production on Cd-containing surfaces is 
not completely unexpected, given that Hori and coworkers reported formate production on pure Cd 
surfaces15.  It also raises the question of whether formate could be acting as a site blocker, which 
could explain the lower than expected CO2 reduction activity.  This latter possibility will be 
investigated in more detail later in this chapter. 
 
 
Figure 7.16: Comparison of partial current densities for CO evolution reaction at -0.6 V vs. RHE measured on Au3Cd,  
0.1 ML Cd/Au surface alloy and polycrystalline Au. CO2 reduction was performed in 0.5 M KHCO3.  
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7.3 CO electro-reduction on Au3Cd bulk alloy and Cd/Au surface alloy 
 
Given that no products apart from CO and formate were formed when using CO2 as an initial reactant, 
the logical next step was to use CO as a starting reactant.   This poses several advantages over the use 
of CO2, namely (a) at any given potential, with respect to RHE, it would increase the driving force for 
the formation of several products, such as methanol, methane, acetaldehyde, ethylene and n-propanol 
(see Figure 2.7 (b) in Section 2.2); (b) the limiting potentials for gas phase CO reduction to *CHO are 
shifted to less negative values (see Table 7.1, Section 7.1);  (c) it would avoid any additional barriers 
or ensemble effects for the reduction of  CO2 to CO (pertinent examples in relation to methanol 
oxidation on Pt165) (d) it could also avoid the formation of any site blocking species related that could 
be formed from CO2 rather than CO, in particular formate, as discussed above.  
 
7.3.1 CO electrolysis results on Au3Cd 
 
Figure 7.17 shows data points corresponding to partial current densities for hydrogen evolution 
measured during the electro-reduction of CO in various electrolytes on Au3Cd bulk alloy sheet. 
Electrolysis was performed in acidic – 0.1 M HClO4 (pH 1), neutral – phosphate buffer (pH 6.6), 
slightly alkaline media – CO saturated 0.5 M KHCO3 (which adopts a stable bulk pH value of 8.7) 
and alkaline media – CO saturated 0.1 M KOH (pH 12.8). In perchloric acid and phosphate buffer, the 
surface showed 100±5 % selectivity towards hydrogen evolution. In the case of a bicarbonate buffer 
and KOH, traces of formate were measured in range of 1-7 % of Faradaic efficiency. Formate would 
probably be produced from the chemical decomposition of the CO2, contained in the bicarbonate 
buffer.146 On the other hand, Figure 7.17 shows the expected trends in dependence of hydrogen 
evolution activity on the electrolyte pH value.82,166,167 The reason for higher activity for hydrogen 
evolution in KOH than in KHCO3 at high current densities is most likely due to local pH changes, as 
previously described for Au in Section 6.3.2 (see Figure 6.7).  
Additionally, in KOH, we present two sets of data points carried out using Au3Cd: (1) green open 
squares – data points obtained using phosphate buffer solution in CE and REF compartments, where 
our major focus was quantification of the gaseous products (see Section 6.3.2); (2) green filled 
squares – data points referring to use of solely KOH and major focus on liquid product analysis. As 
previously discussed for Au (see Figures 6.8 and 6.9), presence of small amount of phosphate anions 
in KOH suppresses the hydrogen evolution activity.  
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Figure 7.17: Partial current densities towards hydrogen evolution on Au3Cd bulk alloy in various electrolytes during CO 
electrolysis: (1) CO-saturated 0.1 M HClO4 at pH 1 (red triangles, red dashed line), (2) CO-saturated 0.25 M K2HPO4 +  
0.25 M KH2PO4 at bulk pH 6.6 (black circles, black solid line), (3) CO-saturated 0.5 M KHCO3 at bulk pH 8.7 (blue 
triangles, blue solid line) and (4) CO saturated 0.1 M KOH at pH 12.8 (green filled squares, green solid line) and (5) CO-
saturated KOH with trace amounts of phosphate anions at pH 12.8 (green open squares, green dotted line). Note logarithmic 
current density scale. Current was normalised against the surface area established by electrochemical impedance 
spectroscopy measurements (roughness factor 3.3). The lines are plotted to guide the eyes.  
 
In order to confirm the presence of any minor products that could account for the unbalanced charges 
obtained from the gas phase analysis, we focused in particular on liquid products analysis with high 
sensitivities: nuclear magnetic spectroscopy and static headspace analysis connected to the gas 
chromatograph (described in detail in Chapter 3). These electrolysis measurements were performed on 
Au3Cd at low overpotentials (-0.5 V, -0.4 V and -0.3 V) for 60 min to enable more accurate product 
detection. Figure 7.18 shows the results of 1H-NMR spectroscopy product analysis on aliquots after 
CO reduction on Au3Cd at -0.5 V (a) and -0.4 V vs RHE (b). On the plots, the total current densities 
are shown, corresponding ca. 95 % of current efficiency towards H2. Both NMR spectra in Figure 
7.18 show a feature centered around 4-5 ppm corresponding to the water peak. Additional two peaks, 
in the region between 6.5 and 7.2 ppm correspond to hydrogen bound to a phenol molecule, a which is 
often used as an internal standard for the measurements (see more details in Experimental Methods – 
Chapter 3). Trace amounts of formate were detected at ~8.4 ppm in both spectra, corresponding to up 
to 5 % of current efficiency. Otherwise, the spectra do not reveal any of the possible interesting 
products such as alcohols, aldehydes or carboxylic acids.   
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Figure 7.18: 1H-NMR CO reduction product analysis done on aliquots taken from CO electrolysis in 0.1 M KOH at -0.4 V 
and -0.5 V on Au3Cd bulk alloy sheet. Sharp feature around 4.7 ppm corresponds to water peak. The features at 6.6 ppm and 
7.2 ppms correspond to the hydrogen atoms belonging to the internal standard (1 mM phenol solution). Formate is detected 
at 8.4 ppm. The values in red depict the peak area quantification relative to the internal standard.  
 
a) 
b) 
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Moreover, we employed static headspace analysis as other product detection techniques to obtain 
information about very small product concentrations. Figure 7.19 provides a typical chromatograph 
obtained upon analysis performed on aliquot samples taken after CO reduction on Au3Cd bulk alloy 
sheet at -0.3 V and -0.4 V vs. RHE. Due to the high sensitivity of the method, even very small 
amounts of gases dissolved in the air, such as methane, are detected (at retention time of 2.4 min). No 
significant concentrations of either methanol or other interesting products are detected. 
Figure 7.19: High sensitivity static headspace analysis -aliquots taken from CO electrolysis in 0.1 M KOH on Au3Cd at  
-0.3 V and -0.4 V. The total current densities related to the 60 min long electrolysis measurements are shown on the plot. 
Calibration analysis containing 100 mM concentration of methanol, ethanol, acetone and n- propanol is contrasted to the 
data.  
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7.3.2 CO electrolysis results on Cd/Au surface alloy 
 
Figure 7.20: Comparison of independent cyclic voltammograms obtained on a surface alloy (0.33 ML Cd/Au) and on pure 
polycrystalline Au in Ar-saturated 0.1 M KOH, at 50 mV/s.  
 
Figure 7.20 provides a comparison of cyclic voltammograms on 0.33 ML Cd/Au surface alloy and 
pure Au in alkaline media at 50 mV/s. The features obtained on surface alloy correspond to surface 
Cd oxidation to for surface Cd(OH)2. Given that Cd(OH)2 is insoluble at pH 13, the Cd would not 
dissolve into solution. To explore whether there was a change in the amount of Cd upon cycling in an 
alkaline environment, we performed Cd oxidation in acidic media and established the same cadmium 
oxidation charge as during deposition, confirming no Cd was lost in alkaline media. Alloyed gold 
surface exhibits a slight shift of the cathodic current to more negative potentials. However, one has to 
bear in mind that these are transient currents and they tend to decrease to a certain constant value 
during chronoamperometry.  
The electrolysis results represented on Figure 7.21 show similar partial current densities for hydrogen 
on alloyed gold surfaces compared to pure Au in 0.1 M KOH at pH 12.8. The plot provides a 
comparison of hydrogen evolution partial current densities among the bulk alloy sheet (Au3Cd), 
surface alloy (0.16 ML Cd/Au) and polycrystalline Au, on logarithmic scale. Within the potential 
range tested, there are almost no differences in activity for HER between the surface alloy and the 
polycrystalline gold. We observed however higher current densities for hydrogen evolution on the 
146 
 
bulk alloy sheet. Slightly differrent trends in the hydrogen evolution activity are observed during CO 
reduction in alkaline media compared to the CO2 reduction in neutral media. Bulk alloy sheet in 
alkaline media appears to be more active for producing hydrogen. Overall measured trend in activity 
is as follows: Au3Cd ൐ Cd/Au surface alloy ൎ Au.   
Figure 7.21: Comparison of hydrogen evolution activity on Au3Cd bulk alloy, 0.16 ML Cd/Au surface alloy and 
polycrystalline Au in alkaline environment (0.1 M KOH, pH 12.8). Data points for Au3Cd and Au(pc) are made as 
consecutive measurements with the fresh electrolyte each time. Surface alloy was prepared by deposition for each 
measurement to ensure similar structure of the surface.  
 
Similarly, formate production is comparable for surface alloyed gold and pure gold, whereby there are 
some differenes in comparison to the bulk alloy. The formate production activity can be ranked as 
follows: Au ൎ Cd/Au surface alloy < Au3Cd (see Figure 7.22). A comparison of formate production 
activities on Cd/Au surface alloy, during CO2 and CO reduction, is represented in Figure 7.23. 
Expectedly, formate production is an order of magnitude higher in activity in neutral relative to the 
alkaline environment.  
Similar to the measurements on Au, using HPLC, we were able to detect trace amounts of 
fomaldehyde, up to 0.5% of Faradaic efficiency to formaldehyde, but on the edge of the detection 
limit of the equipment.   
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Figure 7.22: Comparison of formate production activity on Au3Cd bulk alloy, 0.16 ML Cd/Au surface alloy and 
polycrystalline Au in alkaline environment (0.1 M KOH, pH 12.8). Data points for Au3Cd and Au(pc) are made as 
consecutive measurements with the fresh electrolyte each time. The surface alloy was prepared by a separate deposition for 
each measurement, to ensure similar structure of the surface.  
 
Figure 7.23: Comparison of formate production activities on Cd/Au surface alloy in CO2-saturated 0.5 M KHCO3 (pH 7.6) 
and in CO-saturated 0.1 M KOH (pH 12.8).  
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7.3.4 Post CO reduction AR-XPS analysis on Au3Cd and Cd/Au 
 
Similarly to previous post reaction characterisations of the electrodes, we used angle resolved XPS 
analysis for confirming the Cd presence at the surface on Au3Cd and Cd/Au. In Figure 7.24, the depth 
profile obtained on the bulk alloy sheet after CO electrolyses in bicarbonate and phosphate buffer is 
shown (data from Figure 7.17). It exhibits a similar depth profile to the previously shown in Figure 
7.12 (b). On the other hand, the surface alloy electrode showed presence of solely Au peaks, without 
any Cd detected. 
Figure 7.24: Angle Resolved – XPS depth profile on Au3Cd sheet after the bulk CO electrolysis in 0.5 M KHCO3 (pH 8.7) 
and 0.25 M K2HPO4 + 0.25 M KH2PO4 (pH 6.6), electrolyte removed rapidly from the cell and the sample dried in Ar flow. 
 
7.3.5 CO reduction on high surface area catalysts 
 
In order to increase the density of CdAu sites, we produced and tested some of the high surface area 
catalysts as substrate for Cd deposition:  oxide derived Au – which has been successfully proven to be 
highly selective towards CO2 electro-reduction59 and nanoporous Au – tested for several other 
reactions.59,89,90 We tried gold nanoparticles, oxide-derived gold and nanoporous gold leaves for CO 
reduction in alkaline media.  
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Figure 7.25 (a) shows a comparison of chromatograph obtained from the static headspace analysis for 
oxide derived gold (Au) in black (as reference) and Cd-alloyed oxide derived gold (Au) in blue, at  
-0.5 V and -0.6 V vs. RHE. The amount of cadmium deposited in each of these cases was arbitrary 
since it was challenging to accurately determine the surface area. However, a rough calculation based 
on estimated surface area and the deposition charge gives ~1/3 ML of Cd on oxide-derived Au. 
 
Figure 7.25: Static headspace analysis carried out on aliquots from CO electrolysis on oxide derived Au and surface alloy of 
Cd with oxide derived Au at (a) -0.5 V vs. RHE and (b) -0.6 V vs. RHE. 
 
The chromatographs do not show any significant amounts of desired products. The peak at ca. 2.1 min 
retention time corresponds to the trace amounts of CH4 present in the air, as discussed before in 
Chapter 3 and Chapter 6. On plot showing electrolysis at -0.6 V, a peak appearing in both Au and 
Cd/Au at retention time of 3.9 min corresponds to methanol. However, the concentrations on both Au 
and Cd/Au are the of range of several μM, transferred to Faradaic efficiency, it corresponds to less 
than 0.1 %. Nevertheless, the methanol concentration is slightly higher on Au than on Cd/Au. 
Furthermore, we employed nanoporous gold leaves as support for Cd deposition, prepared as 
described in Section 6.3.2. Figure 6.11 (a) provides an idea of high roughness factor of nanoporous 
gold leaves (RF~100).  
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Figure 7.26: Results of the static headspace analysis carried out on aliquot samples from CO electrolysis at -0.49 V vs. RHE 
on nanoporous gold based surface alloys with different coverages of Cd. As reference, a calibration chromatograph is shown. 
 
On the other hand, Figure 7.26 presented here, provides a comparison of a set of chromatographs 
obtained during the static headspace analysis of the aliquots obtained after CO reduction at -0.49 V 
vs. RHE on a Cd-alloyed nanoporous gold leaf. Various submonolayer amounts of Cd are deposited 
onto the nanoporous gold: 0.06 ML, 0.15 ML and 0.37 ML.  However, the product analysis did not 
confirm any significant amounts of the volatile organic compounds. The addition of Cd to nanoporous 
Au did not increase the concentration of produced methanol. 
 
7.3.5 Summary of CO electrolysis measurements on polycrystalline alloyed gold 
surfaces 
 
The major product obtained during the CO electrolysis on bulk Au3Cd sheet and Cd/Au surface alloy 
gold was hydrogen. The measured trends in hydrogen evolution activity were as follow: Au3Cd ൐ 
Cd/Au surface alloy ൎ Au. 
Trace amounts of formaldehyde are measured, however, being in range below 0.5% of Faradaic 
efficiency. The inevitable presence of CO2 in alkalines electrolytes resulted in the production of 
formate with 1-7% current efficiency. Detailed product analysis of liquid phase products using tools 
with low detection limits, such as static headspace GC analysis and NMR analysis did not show any 
additional products of CO reduction. Cd was deposited on high surface area substrates such as gold 
nanoparticles, nanoporous gold leaves and oxide-derived gold electrodes. Despite the high surfacea 
areas, and the high sensitivity of the analysis tools, no significant concentrations of CO reduction 
could be detected on these nanostructured surfaces (less on Cd/Au than on Au), apart from trace 
amounts of methanol, far below 0.1% current efficiency. 
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7.4 Post reaction CV analysis on Cd/Au 
 
7.4.1 Post reaction CVs after CO2 bulk electrolysis 
 
As in Section 6.4, we performed cyclic voltammetry in order to elucidate the possibility of 
*OCHO*(formate) or *CO adsorption. 
In Figure 7.27, we provide a comparison of cyclic voltammograms, obtained on a surface alloy 
containing 0.27 ML of Cd on polycrystalline gold electrode. The stripping voltammogram, obtained 
after the CO2 reduction reaction at -0.5 V vs. RHE, shows a broad anodic current feature starting at  
0 V vs. RHE and finishing with a peak centered around +0.7 V vs. RHE (Figure 7.27, green solid 
line). To assign possible processes to these features, we performed independent stripping CVs, which 
could give a fingerprint of the oxidation currents of formate and CO, separately. 
 
 
Figure 7.27: Comparison of independent cyclic voltammograms obtained on a surface alloy (0.27 ML Cd/Au) in CO2-
saturated 0.5 M KHCO3 at 50 mV/s: (1)  CV after CO2 reduction reaction at -0.5 V vs. RHE and Ar-purge of electrolyte at  
-0.2 V (green solid line), (2) a CO-stripping CV following CO adsorption for 15 min at 0 V and 20-30 min Ar-purge (red 
solid line), (3) a formate stripping CV following HCOO- adsorption at -0.2 V for 30 min and exchange to formate-free 
electrolyte before ramping the potential to 1.6 V (blue solid line) and (4) stable CV obtained after several cycles following 
cadmium and intermediates co-oxidation (black solid line). The potentials are corrected for measured pH value of the 0.5 M 
KHCO3 after Ar purge being ~ 9. 
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A typical CO-stripping CV was obtained after 15 min. of CO adsorption at 0 V followed by 20-30 
min. of Ar-purge to remove any residual CO from the electrolyte (Figure 7.27, red solid line). The pH 
value of bicarbonate solution purged with Ar stabilised at ~ 9, where the stripping was carried out. 
Apart from the presence of the broad feature described previously, a small peak at potential around 
+0.9 V vs. RHE was recorded, most likely corresponding to the adsorbed CO oxidation. For obtaining 
a fingerprint of formate oxidation, we exposed the surface alloy (0.27 ML Cd/Au) to 50 mM HCOO- 
in CO2-saturated 0.5 M KHCO3 for 30 min. at -0.2 V (blue solid line) and exchanged to a fresh, 
formate free electrolyte.  
In overall, the study suggests, that the broad feature ending with a peak centered at ~0.7 V may 
correspond to the oxidation of adsorbed formate. The CO stripping CV also resembles the formate 
stripping CV, suggesting that a considerable amount of formate is adsorbed at the surface alloy even 
at 0 V, ~ 0.2 V more positive than the redox potential for bulk formate formation from  CO2. 
Additionally, CO oxidises at somewhat higher potentials, presumably involving the peak at +0.9 V in 
Figure 7.27 (red solid line). However, this peak is not seen after the reaction(green solid line), 
suggesting a lower amount of CO is adsorbed at the surface alloy during the electrolysis at -0.5 V in 
neutral media than under the conditions of the stripping experiment. The separation of formate and 
CO oxidation features is consistent with the CVs performed on pure Au electrodes in alkaline 
media.147 Moreover, the shift in oxidation potential of CO towards less positive values on Cd-alloyed 
gold is expected, because of a higher *OH coverage on Cd-containing surface relative to pure noble 
gold surface.139,142 
 
 
7.4.2 Post reaction CVs after CO bulk electrolysis 
 
 
In Figure 7.28, we present cyclic voltammetry, performed after a CO electrolysis measurement at  
-0.7 V vs. RHE on a surface alloy with composition 0.13 ML Cd/Au. Following the reaction at -0.7 V, 
the potential was kept at -0.15 V for 20-30 min, during which Ar was purged through the electrolyte 
to remove residual CO and other products in the bulk of the electrolyte. The first scan (red solid line) 
exhibits an anodic peak at +0.2 V vs. RHE that could correspond to phosphate anion adsorption (as 
previously introduced in Chapter 3). However, the absence of such anodic peak on bare Au surface 
(see Figure 6.8) indicates towards possible stabilisation of phosphate anions on Cd/Au surface. The 
peak at 1.0 V, as seen before, can be assigned to CO (or other carbon containing species) oxidation, as 
seen on Au in similar conditions in Figures 6.12 and 6.13.  
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Figure 7.28: Cyclic Voltammetry on 0.13 ML Cd/Au after CO electrolysis at -0.7 V vs. RHE,  in 0.1 M KOH, obtained in 
following procedure: (1) performing CO reduction at -0.7 V for 60 min (blue solid line), (2) purging for 20-30 min with Ar 
while holding at -0.15 V vs. RHE and (3) ramping the potential to 1.6 V vs. RHE (first scan is shown in red solid line, 
second scan is in red dotted line). Stable CV is shown in black solid line. The total stripping charge corresponds to 130 
μC.cm-2. 
 
Interestingly, we observe here significant shifts in hydrogen evolution activity; initially, immediately 
after electrolysis conditions the hydrogen evolution potential at -0.075 mA.cm-2 is most negative,  
~-0.5 V (blue solid line), whereby after the stripping, it shifts positively, to  ~-0.3 V (red dotted line). 
Judging by the shape of the cathodic feature after stripping (red dotted line), this effect could be 
related to phosphate desorption (a reversible peak to the feature at +0.2 V), as shown on Figure 6.8 for 
pure Au.  
However, the increase in hydrogen evolution activity may be brought about by presence of Cd(OH)2 
at the surface, similarly observed by Markovic and co-workers on Pt single crystal surface covered 
with Ni(OH)2.82 A stable CV (black solid line) exhibits an intermediate hydrogen evolution activity (at  
-0.075 mA.cm-2 reaching a potential of ~-0.4 V), possibly a combination of effect of both adsorbed 
phosphate or *OH.  
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7.5 DFT insight into adsorbate-surface interactions 
 
7.5.1 *OCHO* and *OH adsorption induced site segregation and poisoning 
 
As discussed earlier in Section 7.1.5, there exists a lower free energy pathway for production of 
formate than for CO evolution on both Au and Au3Cd (see Figure 7.6). Figure 7.6 shows the free 
energy diagrams for CO2 reduction to HCOO- as being downhill, both on Au(fcc) and Au3Cd at -0.46 
V vs. RHE. However, the experimentally observed Faradaic efficiencies for formate production on 
both catalysts are mostly in range of 0 - 10 %. Such low selectivities are likely caused by additional 
energy barriers for the formation of *OCHO*.  
On the basis of our experimental observations that the Au-Cd alloy structures exhibit higher formate 
production activity, our collaborators, Heine Hansen and Jens Nørskov performed more detailed DFT 
calculations of different configurations of *OCHO* and HO* on the bulk Au3Cd alloys, as shown on 
on Figure 7.29.  
We note that  the presence of co-adsorbing intermediates may stabilise each other, in particular CO*, 
HO* and H2O*117,139,142  This means that DFT based predictions of the absolute potential at which 
adsorbates such as HO*, or *OCHO*, will adsorb will have some degree of uncertainty.  Nonetheless, 
relative changes in binding energies on different surfaces with the same orientation should be more 
accurately captured by DFT calculations.127  
This new iteration of the DFT calculations includes the possibility of *OCHO* adsorption onto a site 
consisting of two contiguous Cd atoms. Such a configuration allows additional stabilisation of the 
*OCHO* intermediate relative to the mixed AuCd site.  Theoretically, this could provide a driving 
force towards *OCHO*-induced rearrangements of the Cd-alloyed gold surface, causing Cd 
segregation and destruction of the AuCd active sites, or additionally, the poisoning of the active site.  
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Figure 7.29: Comparison of the free energy diagrams for production of formate and for stability of adsorbed *OH on 
various sites – AuAu, AuCd and CdCd – at 0 V vs. RHE at pH 7 (a) and at pH 13 (b). AuAu, AuCd and CdCd refer to the 
step composition on a bulk Au3Cd alloy – modelled as Au3Cd(211).  Figure made by Heine A. Hansen.  
 
The figure shows that, at least at 0 V vs. RHE, *OCHO* or HO* might rearrange AuCd sites to form 
CdCd sites. These intermediates, however, would be reduced further under operating conditions. The 
kinetics of these reactions will affect the extent of their coverage at the surface, which can be 
correlated to the extent of how much of the AuCd active sites are being reformed to CdCd sites. 
Should formate be adsorbed at Cd sites, then the surface would not be able to provide the predicted 
enhancement in CO evolution and CO reduction activity. 
a) 
b) 
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Figure 7.29 also shows that *OCHO* intermediate may be a better candidate for surface 
rearrangements and poisoning at neutral pH than in alkaline, since its removal from the surface is 
strongly exergonic in alkaline media. This agrees relatively well with the post-reaction CVs obtained 
in neutral media, suggesting formate coverage at the surfaces of both Au (Figure 6.12) and Cd/Au 
(Figure 7.27). 
Similarly, Figure 7.29 explores the possibility of *OH poisoning at 0 V vs. RHE. Taking into 
consideration adsorption induced AuCd site segregation, there is a probability to have a stabilised 
adsorption of *OH, consequently causing poisoning on a Cd-alloyed gold surface until the potential, 
where *OH reduces off, i.e. below -0.2 V vs. RHE. 
In CO-purged alkaline media, although HO* adsorption induced poisoning is a possibility, it is 
unlikely that formate adsorption could poison sites, both because CO2 concentrations are low, and 
because at HCOO- production is strongly downhill in free energy across the potential scale where the 
measurements took place.  
 
7.5.2 *H adsorption induced segregation of Au 
 
An alternative explanation for why the surface is inactive could be H-adsorption induced surface 
rearrangements. In Figure 7.30, we show the DFT calculations considering *H and *OH adsorption on 
steps of Au(211) – shown as AuAu, Au-Cd step site on Au3Cd(211) – marked as AuCd and Cd(211) 
steps marked as CdCd. The theoretical model assumes that hydrogen desorption in the form of H2 is 
negligible or very slow.  
The lower the Gibbs free energy of the considered adsorbate-surface system, it is more 
thermodynamically stable.  The stability of each site is measured relative to a step site of only Au 
atoms, and no Cd, occupied with adsorbed H, i.e. H/H-AuAu using the notation in the figure. Notably, 
the model suggests that this surface should be the most stable at potentials negative of -0.35 V.  From 
-0.35 V to ~0.1 V, the step would be constituted of bare AuCd sites, and at potentials more positive 
than ~0.1 V, the most stable configuration would be HO* occupied Cd-Cd sites.   
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Figure 7.30: Comparison of the stability of *H and *OH on various sites – AuAu, AuCd and CdCd – as a function of 
potential (vs. RHE), relative to the stability of a H-occupied pure Au step site on H/H-AuAu. AuAu, AuCd and CdCd refer 
to the step composition on a bulk Au3Cd alloy – modelled as Au3Cd(211). The model assumes that *H recombination in the 
form of H2 is negligible or very slow.  Figure made by Heine A. Hansen. 
 
 
The above model has only taken into account H adsorption. However, given that experiments show 
that CO does adsorb onto pure Au, and it seems to be enhanced on step sites,151  CO induced 
segregation onto the step site is very plausible on the alloyed surfaces investigated here. 
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7.6 Discussion  
 
In this section we contrast the DFT based predictions about the catalytic properties of Cd-alloyed gold 
for CO2 reduction to the experimentally measured activities. Involving more DFT considerations, we 
discuss several reasons related to the stability of alloyed gold surfaces, for which the reaction might 
have been inhibited, by either poisoning or reformation of the catalytically active sites. 
In separate subsections, we overview the observed catalytic trends in CO2 and CO reduction  on 
Au3Cd and Cd/Au obtained from electrolysis experiments, as well as their post reaction 
characterisation. Similarly to Cu displacement by CO on Cu overlayers on Pt, observed in Chapter 5, 
we analyse the surface interactions with various adsorbates and their possible effect on the catalyst 
surface composition, leading to loss of unique catalytic properties of alloy. We consider possible 
scenarios that might be occurring on bimetallic catalysts causing structural surface rearrangements or 
active site poisoning. 
 
 
7.6.1 Summary of DFT calculations based predictions 
 
Even though the binding of *CO intermediate on Au3Cd(211) is weaker with respect to Au(211), its 
overall free energy diagram becomes exergonic at less negative limiting potentials relative to Au(211) 
due to stabilisation of *COOH. Therefore, we would expect an increase in CO evolution activity. 
Additionally, the further reduction of *CO to CH3OH would be possible, as it should also be for 
Au(211) at sufficient overpotential. Due to *CHO stabilisation on Au3Cd(211), the limiting potential 
for further *CO reduction to *CHO would be -0.17 V. Nonetheless, because of absolute weak binding 
of *CO, the chemical step of CO(g) adsorption becomes relevant when considering methanol 
production. Assuming the use of CO (at 1 bar) as a reactant gas instead of CO2 (producing only 
~0.001 bar of CO), DFT predicts a direct reduction of gas phase CO to *CHO at -0.29 V (see Table 
7.1, Section 7.1). 
The comparison of the electrolysis results from CO2 reduction on the surface Cd/Au alloy and on the 
bulk Au3Cd alloy to the polycrystalline gold reveals significant discrepancies from the DFT predicted 
trends. This suggests a possibility of active site poisoning or surface structure rearrangements.  
On the basis of our experiments, additional theoretical calculations were performed which suggested 
that the Au-Cd active site may be blocked or modified by *OH and *OCHO*. Namely, DFT 
calculations suggest that during CO2 reduction to formate, *OH and *OCHO* intermediates can be 
stabilised by adsorbing onto two contiguous Cd atoms. Hence, there could be a driving force for 
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converting two Au-Cd sites into a Au-Au site and a Cd-Cd site, when *OH or *OCHO* intermediates 
are present. DFT calculations suggest a potential dependent stability of the Au-Cd step sites (see 
Figure 7.30): at potentials more positive than ~ +0.1 V, *OH adsorption induced surface 
rearrangements and poisoning may occur. The removal of *OH from the Cd-Cd sites is not exergonic 
until -0.2 V. Similarly, at the potentials below ~ -0.37 V, *H or *CO adsorption may cause Au-Cd 
sites to reform, and poison the surface (see Figure 7.30).  Consequently, the adsorption of CO 
molecules onto the catalytically relevant Au-Cd site without reforming it would only be possible in a 
rather narrow potential range, below -0.25 V and more positive than -0.37 V. According to the 
theoretical model presented in Figure 7.30, at potentials below -0.37 V, the driving force for Cd 
subsurface migration due to H-Au interaction becomes significant.  
 
7.6.2 Summary of general processes on Cd-alloyed Au electrodes   
 
It is not completely surprising that Cd-alloyed gold produces more formate relative to the pure Au, 
since metallic Cd on its own produces formate with high Faradaic efficiency.15 Hence, the adsorbed 
formate (*OCHO*) may act as the site blocking species. *OH adsorption indeed may be relevant for 
Cd-alloyed Au; however, it occurs only at positive potentials. *OH would be removed from the 
surface at more negative potentials, under reaction conditions.  
Effectively, prior to the electrolysis, all the electrodes were kept at potentials around -0.2 V, which 
would mean that both in neutral and alkaline media, Cd-alloyed gold surfaces could still have a 
certain coverage of *OH.  Therefore, adsorbed *OH could be causing AuCd sites to reform. On the 
other hand, *OCHO* intermediate should easily be reduced off the surface in alkaline media at -0.25 
V.  Given the accuracy of DFT, adsorbed formate however may be a plausible explanation for AuCd 
sites rearrangements and poisoning in neutral media.  
The use of high surface area catalyst could decrease the extent of adsorbate poisoning by decreasing 
the local concentration of poisoning solution species.  Even so, the use of Cd deposited on oxide 
derived gold or nanoporous gold, exposed to minimal amounts of CO2 in alkaline media did not 
provide a positive result. High sensitivity product analyses on aliquots from oxide-derived gold with 
and without Cd detect minor concentrations of methanol corresponding to <0.1% of Faradaic 
efficiency, produced at -0.6 V. Moreover, concentration of methanol produced by a bare gold surface 
is slightly higher than when Cd was deposited, suggesting that it is most likely unrelated to the 
presence of Cd. The lack of a positive identification of a more reduced product than CO suggests that 
there may be some additional processes occurring. 
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Reaction intermediates that bind stronger to Au than to Cd, such as *H and *CO, may be the reason 
for the Au enrichment at the surface of Cd-alloyed gold electrodes. Adsorbed H or C-based species 
could bring about segregation of Au to the surface. There are reports in the literature regarding the 
adsorption of *H168 and *CO140,141,147,149,153 on Au, in an electrochemical environment. On 
polycrystalline Au, potential decay measurements by Conway and coworkers suggest that the surface 
reaches a saturation coverage of 15 μC cm-2 in alkaline solution at -0.4 V;168 presumably H would 
only adsorb at the step sites169; this would correspond to a coverage at step sites of 0.75 ML (assuming 
that the total density of surface atoms is equal to that of Au(111), and that step sites constitute 10% of 
that total surface, equation 6.3, section 6.1.1).   
Likewise, on the basis of our own measurements, and measurements by others, the CO coverage also 
seems to be substantial in alkaline solution; it is also reported to be significant to a significant, albeit 
to a lesser extent in acid solution.140,141,149 It seems reasonable to conjecture that the CO coverage 
should also be high under neutral conditions. 
In addition, there are surface science studies confirming that Au atoms have a significant mobility in 
an electrochemical environment.170 Notably, according to STM measurements by Shue et al151, CO 
adsorption at Au causes roughening of the step sites.  This shows that Au mobility is high enough, and 
that CO adsorption is strong enough on Au, to allow the presence of CO to bring about the movement 
of Au atoms at step sites.  
The surface overall composition, and hence catalytic activity, should be correlated to the equilibrium 
coverages of all these species: *OH and *OCHO* at positive, and *H and *CO at negative potentials. 
 
7.6.3 Cd/Au 
 
CO2 electrolysis experiments on 0.1 ML Cd/Au show that the addition of a small amount of Cd to 
polycrystalline gold has no significant effect to its catalytic behavior, as it resembles that of pure Au 
(Figure 7.13 and 7.16-b). Taking into account the reports about high activity and selectivity of oxide 
derived gold for CO evolution59, our own measurements on smooth gold surfaces described in Section 
6.2, and density functional theory calculations60, we expect that CO evolution activity on Au(pc) 
comes from the undercoordinated sites. Such surface alloy possesses catalytic properties 
corresponding to the linear combination of Au and Cd. In order to understand if these results are due 
to surface reconstruction or to the presence of adsorbed species we characterised the surface after 
reaction. 
Throughout the thesis, the post-reaction CVs indicate the presence of formate at the surface only after 
CO2 electrolysis in neutral media, where formate is produced with higher current densities, for both 
Au (Figure 6.12) and Cd/Au (Figure 7.27). However, the stripping CVs performed after CO 
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electrolysis measurements in alkaline media do not indicate the presence of formate (Figure 6.13 for 
Au and Figure 7.28 for Cd/Au).   Moreover, in alkaline media, the formation of the formate anion 
would be strongly exergonic, as shown in Figure 7.6 (b) and Figure 7.29 (b).  The theoretical models 
suggest that *OH should removed at potentials below -0.2 V at all pH values, and that *OCHO* 
should be removed at potentials below -0.25 V at pH 7(see Figure 7.29).  
 
Additionally, the CV obtained after CO2 reduction at -0.5 V vs. RHE on 0.27 ML Cd/Au in neutral 
media (see green line in Figure 7.27), does not show any feature that might correspond to an oxidation  
of the surface bound CO. This could be a consequence of slightly different pH. However, the typical 
CO-stripping CV in neutral media (red line in Figure 7.27) shows a small peak after the formate 
fingerprint, at +0.9 V, which most likely corresponds to CO oxidation.  Thus, there is no evidence to 
suggest that the strongly bound CO that is formed on Au is also formed on Cd/Au. 
On the other hand, in alkaline media, the post reaction stripping voltammograms between Au and the 
Cd/Au surface alloy are remarkably similar, as shown in Figure 7.31 (based on CV’s previously 
plotted in Figure 6.13 and 7.28). Consequently, it may be plausible to deduce that after CO reduction 
on Cd/Au surface alloy at -0.7 V that Cd is largely absent from the surface.  
 
Figure 7.31: Comparison of post-reaction cyclic voltammetry shown previously for Au (on Figure 6.13) and for 0.13 ML 
Cd/Au surface alloy (on Figure 7.28) obtained both after CO electrolysis at -0.7 V vs. RHE, in 0.1 M KOH, in following 
procedure: (1) performing CO reduction at -0.7 V, (2) purging for 20-30 min with Ar while holding at -0.15 V vs. RHE and 
(3) ramping the potential to 1.6 V vs. RHE. The time of electrolysis for Au and 0.13 ML Cd/Au were 15 min. and 30 min., 
respectively. Co-plotting reveals no change in positions of the oxidation peaks at +1.0 V. The integrated stripping charges 
are 70 μC.cm-2 and 130 μC.cm-2 on Au and 0.13 ML Cd/Au, respectively. 
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Consistent with the electrochemical measurements, the post-reaction surface analysis of Cd/Au 
surface alloys by XPS did not show any Cd present at the surface, in either CO2 reduction in neutral or 
CO reduction in alkaline media, which suggest that Cd either migrates subsurface and goes into the 
bulk, or is pushed aside (similar to Cu/Pt).  Formation of such surfaces would in principle be possible 
under reaction conditions, whereby the presence of strong binding adsorbates such as *H or *CO 
could force Cd subsurface migration or even Cd island formation, as found to be the case for 
Cu/Pt87,88,121.  In the case of the surface alloy, entropic considerations would make deeper movement 
of Cd into subsurface layers more favourable than in the bulk alloy. Nonetheless the exact form of the 
structure formed is unclear. The notion that the active sites are dominated by Au atoms on the surface 
alloy is consistent with its activity towards CO evolution and hydrogen evolution, which is similar to 
that of pure Au. 
 
7.6.4 Au3Cd 
 
The CO evolution activity of the bulk alloy (Au3Cd) is measured to be an order of magnitude lower 
than that of Au. The decrease in total current densities of CO2 electrolysis measurements made on 
Au3Cd relative to pure Au corresponds almost entirely to the amount by which the CO evolution 
activity on Au3Cd decreased (shown in Figure 7.11). Interestingly, there is no significant difference in 
hydrogen evolution activity between the Cd-alloyed gold and the pure gold. This is surprising, given 
both the DFT prediction for HER of the alloyed surfaces(see Figure 7.7), and the experimental 
observation that Cd is at least four orders of magnitude less active for hydrogen evolution than Au.28  
Furthermore, the CO electrolyses done on Au3Cd at -0.5 V, -0.4 V and -0.3 V (see Figures 7.19 and 
7.20) did not show any methanol, even when performing the product analysis using highly sensitive 
equipment.  
In the presence of phosphate anions, on Au3Cd, we observed the inhibition of HER (see Figure 7.17 
open vs. filled green squares). Nonetheless, there is no identification of CO reduction products from 
Au3Cd, established both in presence and absence of phosphate anions (Figures 7.19 and 7.20). This 
implies that the phosphate anion adsorption may not be the cause of changes in catalytic activity of 
Cd-alloyed gold surfaces. 
The depth profiles of Au3Cd sheet after CO2 reduction in neutral media at -0.5 V and after CO 
electrolyses in bicarbonate and phosphate buffer, both obtained using the angle resolved-XPS (as 
shown on Figure 7.12-b and Figure 7.23) showed presence of oxidised Cd at the surface. This 
observation fits well with the assumption that there would be less driving force for Cd to migrate 
subsurface inside a bulk alloy electrode. 
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Previously, in Chapter 6, we introduced the hypothesis of having a stronger and a weaker bound *CO 
on Au, depending on the CO coverage at the surface. As proposed for Au in Section 6.5, point (4), 
there may be a stronger bound *CO on polycrystalline Au than initially estimated by DFT 
calculations. A similar offset in the *CO binding energies may exist for Au3Cd , which should have an 
effect on the kinetics of *CO desorption. This may require further investigations. 
In summary, the reactivity of Au3Cd is most consistent with the structure modelled by DFT as a step 
composed of pure Au, lying on the alloy bulk. The free energy diagram of this surface for CO2 
reduction is described by Figure 7.5; it would show a higher overpotential for CO evolution, relative 
to Au(211), due to the weaker binding of *COOH.  Moreover, the DFT calculations shown on Figure 
7.7 suggest that its activity towards hydrogen evolution would be slightly lower than that of Au, but 
nonetheless more active than the other surfaces with Cd at the step site.  Such a structure could be 
formed by processes similar to those documented in Chapter 5 for Cu/Pt, either by (a) the formation 
of Cd islands due to HO* and *OCHO* induced segregation, leaving behind pure Au atoms at the 
step, or (b) due to the strong interaction of Au with *H or *CO, resulting in the formation of Cd 
islands or subsurface Cd.  
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7.7 Conclusions 
 
The fundamental understanding of catalysis of CO2 electro-reduction on pure transition metals –the 
origin of large overpotentials and existence of the scaling relations between the key intermediates – 
indicated various strategies in search for new catalysts. In this chapter, we set to explore one of the 
proposed strategies, involving the breaking of the scaling relations via alloying.  
Density functional theory calculations were employed for the screening of transition metal based 
bimetallic alloys, in order to identify the optimal stable catalyst possessing low overpotential for 
selective formation of products of interest, primarily hydrocarbons or alcohols. The theoretical model 
proposes Au3Cd and a variety of gold cadmium surface alloy structures as the system being the most 
likely successful in breaking the scaling relations between the intermediates involved in CO evolution 
reaction. Additionally, the limiting potential related to the protonation of the adsorbed CO is found to 
be more favourable on Au3Cd(211) than on Cu(211). The predictions imply a higher CO evolution 
activity on Au3Cd relative to Au at low overpotentials. The DFT model includes possibility of further 
reduction of CO on Au3Cd with CH3OH as a final product, contrasting Cu which mainly produces 
hydrocarbons. The competing reaction, hydrogen evolution, is predicted to be suppressed in Cd-
alloyed gold surfaces. Even though it seems to be more thermodynamically favored to produce 
formate on Au3Cd than on Au, high pre-exponential factors (barriers) are expected to play a 
determining role, as in case of Cu, Au or Ag.  
Numerous experimental measurements, including both reduction of CO2 and CO, were performed on 
a bulk alloy sheet of Au3Cd, as well as on surface alloys with submonolayer amounts of 
underpotentially deposited Cd. 
High sensitivity quantification analysis employed both for the gas and liquid phase products of CO2 
electrolysis in neutral media led to following main observations: 
a) CO evolution activity is suppressed on Au-Cd relative to pure polycrystalline Au. 
b) Hydrogen evolution activity remains similar to that of Au on all varieties of AuCd structures. 
c) Formate production is enhanced relative to Au, but remains a minor product. 
d) No methanol or other desired products were detected using a set of analytic tools – HPLC, 
static headspace analysis and 1H-NMR spectroscopy. 
Electrolysis in alkaline electrolyte saturated with 1 bar CO showed following results: 
a) Trace amounts of formaldehyde were produced on Au3Cd, corresponding to less than 0.5 % 
Faradaic efficiency. 
b) No methanol or other desired products were detected using a set of analytic tools – HPLC, 
static headspace analysis and 1H-NMR spectroscopy. 
c) Trace amounts of CO2 inevitably present in KOH are reduced to formate. 
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d) Hydrogen evolution activity was found to be higher on Au3Cd and same on surface alloy 
compared to Au.  
e) Trace amounts of phosphate anions, present in 0.1 M KOH, suppress hydrogen evolution 
reaction, contrary to the results initially obtained during CO2 reduction in phosphate buffer as 
working electrolyte. 
 
The attempts of CO reduction on surface Cd/Au alloys using high surface area catalyst supports such 
as gold nanoparticles, nanoporous gold structure and high roughness oxide-derived gold electrodes 
failed to give a result that would match the theoretical predictions. 
In summary, the experiments show that alloying Au with Cd results in a decrease in  CO evolution 
activity and a slight increase in formate production activity. These results suggest that there are 
additional processes involving various reaction intermediates, adsorbed *OCHO*, *H, *CO or *OH, 
which may cause changes in surface composition and morphology, and they need to be taken into 
account by the theoretical model. 
In Summary, *OCHO* and *OH adsorbates may reform the surface, causing major segregation, 
probably through forming Cd islands surrounded by Au. The contact between Au support and Cd 
islands could still exist as a step edge, however, it would be poisoned by*OH and *OCHO*, until they 
are removed at more negative potentials: HO* at ~-0.2 V * and *OCHO* at ~-0.25 V, as shown in 
Figure 7.29.  Even within the boundaries of the uncertainties of DFT, the formate or HO* poisoning 
hypothesis does not explain why at negative potentials one cannot achieve higher CO evolution or CO 
reduction activity relative to pure Au.  
Alternatively, we considered that the adsorption of reactants as *H and *CO may bring about Cd 
subsurface migration at the step site, depleting the surface of Cd and forming an overlayer of Au at 
the step. Alternatively Cd could be pushed aside to form islands, as found to be the case for Cu/Pt in 
Chapter 5.  Catalytic results indeed correlate better with the surface modelling an overlayer of pure 
gold on Au3Cd, showing no formation of methanol on either of alloyed gold electrodes.  
All the considered processes indicate towards a very narrow range of potential, from ~-0.25 V to  
~-0.37 V, where Au-Cd could actually be both stable and active. The possibility of underestimated 
absolute binding of CO, could effect its surface coverage and desorption kinetics in a complex 
manner. 
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CHAPTER 8 
 
8. General Conclusions 
 
The work presented in this thesis represents efforts to extend our understanding of the fundamental 
catalysis of CO2 electro-reduction. This may eventually lead to the development of active, selective, 
stable and abundant catalyst materials for sustainable energy storage and conversion technologies of 
the future.  
Our current understanding of aqueous CO2 electro-reduction is based on the experimental findings 
from several research groups and theoretical models that successfully explain general trends in the 
catalytic activity of transition metal surfaces.  In particular, the DFT calculations propose an 
explanation for why copper is a unique electrocatalyst reducing CO2 to hydrocarbons and elucidate 
the importance of the undercoordinated sites.50,60,120 More specific details about the activity and 
selectivity of copper are a function of numerous factors – major still being the catalyst nature and 
morphology, but also the relevant reaction conditions as choice of electrolyte, its pH, partial pressure 
of CO2, etc.  
In Chapter 4, we explored the possibilities to control the activity and the selectivity towards CO2 
reduction by varying the surface morphology of copper.  We propose an inexpensive and highly 
effective method for copper activation, by in-situ roughening of the surface. By modifying the surface 
morphology, we could influence the selectivity towards methane and ethylene production.  We 
propose that this is primarily due to changes in the catalyst electronic structure. We use theoretical 
models to explain the surface morphology effect on CO2 reduction assuming different facets 
dominating on our electrodes. In addition, we proposed that surface structure modification may 
indirectly imply other important factors, such as electrolyte buffer capacity – which to great extent 
determines the local pH at high current densities and thus, affects the overall reaction outcome. 
However, to explain the differences in selectivity for methane and ethylene additional mechanistic 
studies are required. 
Following our work on polycrystalline copper, in Chapter 5 we looked for other methods to tune the 
reactivity of copper. We achieved this by depositing pseudomorphic overlayers on Pt single crystals. 
The higher reactivity of strained copper could affect the intermediates binding energies and thus result 
in a model catalyst with modified activity or selectivity. However, the interaction of the CO 
intermediates with the substrate platinum atoms caused the copper surface atoms to displace; this 
exposed platinum atoms to the surface and enforced hydrogen evolution over CO2 reduction. 
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Electrochemical scanning tunneling microscopy provided evidence for the formation of islands of 
copper on platinum, thus changing the overall catalytic activity of the surface.87 Consequently, from 
this study, we anticipate that employing a substrate with more moderate binding towards the 
intermediates (especially CO), as for instance gold or silver, could result in improved CO2 reduction 
catalysis. 
According to the theoretical models of Nørskov and coworkers, the scaling between the reaction 
intermediates, *COOH, *CO and *COH sets a minimum theoretical overpotential in order to drive 
CO2 reduction. Inspired by the strategies proposed from these theoretical considerations, we 
investigate the route of alloying to break these scaling relations and reduce the large overpotentials. 
From our study on Cu overlayers on Pt, we learnt about the effects of strong adsorbate interactions 
with the relatively reactive surfaces. Hence, we focused on understanding the electrocatalysis of CO2 
reduction on polycrystalline Au in Chapter 6.  As previously reported, pure Au is reasonably active 
for CO evolution.  Although theoretical models suggested that CO could be reduced further, we could 
not detect any methanol using the high sensitivity liquid product analysis methods we established in 
our laboratory. We attempted to increase the yield towards more reduced products on Au by carrying 
out CO electrolysis in alkaline media; even under these conditions no products were formed on 
polycrystalline Au. However, on high surface area gold, such as oxide derived gold, trace amounts of 
formaldehyde and methanol were detected at potentials more negative than -0.4 V. Additionally, 
based on literature and our own post-reaction stripping experiments, we propose the existence of 
weakly and strongly bound *CO under CO2 reduction conditions. In Chapter 7, we investigate the 
possibility of breaking the scaling relations between *COOH and *CO and *CHO to reduce the large 
overpotentials and possibly enhance the CO evolution or methanol formation on Au-Cd bimetallic 
systems. Unfortunately, a lower than expected CO evolution and CO reduction activity suggests that a 
surface phase is formed on Cd/Au and Au3Cd, which is significantly different from the intended 
Au3Cd step site.  One possibility is that adsorbed species at the active sites, could have driven some 
kind of segregation or surface restructuring, analogous to the kind we reported in Chapter 5 for Cu/Pt.  
These adsorbates could include *OH, *OCHO*,  *H and *CO. The bulk electrolysis experiments are 
more consistent with calculations on Au overlayer on Au3Cd(211), suggesting a possibility of Cd 
subsurface segregation or Cd island formation under reaction conditions. We use a combination of 
theoretical calculations and experimental electrochemistry methods to obtain an insight into the 
interactions of Au-Cd sites with the adsorbates.  Most likely, the adsorbed *H and *CO may be 
responsible for rearrangements on the surface of bulk and surface alloyed gold resulting in the 
formation of less active Au overlayers. A combination of further in situ microscopic and 
spectroscopic studies may play a crucial role for verifying these hypotheses. Nevertheless, the 
conclusions of this work will hopefully serve as inspiration for new strategies for future studies.  
We can safely conclude that the reactivity of the bimetallic systems depends highly on the exact 
configuration of atoms at the active site. In general, density functional theory predictions are most 
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successful when they model a system, which closely represents the structure formed under reaction 
conditions. 29,64,74,88,127,171-176   
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CHAPTER 9 
 
9. Future Directions 
 
 
Further structural modifications of catalytic surfaces could potentially improve the activity and 
selectivity for producing hydrocarbons or alcohols from CO2 or CO reduction, especially of copper. 
The overpotentials could be reduced by employing copper surfaces under compressive strain, as 
achieved by Strasser and coworkers by using dealloyed platinum-copper nanoparticles for oxygen 
reduction reaction.66  
The kinetics of CO2 reduction on Au requires further investigation, ideally on single crystals.  Our 
work suggests that there is a high coverage of CO under reaction conditions, but it remains unclear 
why CO is not reduced further on Au. In situ spectroscopic studies may be necessary. A direct 
observation of the adsorbed species and their during the reaction at various potential would elucidate 
the above discussed processes. For such studies an ATR SEIRAS148,150,177 or surface enhanced Raman 
spectroscopy (SERS) could be used.178,179 From point of view of theoretical modelling and DFT 
calculations, it might be helpful to explore the existence of additional barriers for further reduction of 
CO.  
For the Cd/Au system, electrochemical scanning tunneling microscopy might provide direct insight 
into mobility of surface atoms, under reaction conditions, as found to be the case for the Cu/Pt system. 
For eliminating the effect of active sites segregation and poisoning, future investigations may direct to 
selective avoiding or inhibition of CO2 reduction to formate, for instance by using surfactants or 
geometric effects, while simultaneously ensuring the active sites are still present at the surface.83,174 
Employing for instance surface nanostructuring (specific ion adsorption) or intermetallic alloys180 
with ensemble effects may be a promising strategy for inhibiting the restructuring and blocking of 
active sites.14,81,83,174,176,180   
On the other hand, undesired species such as formate, which could poision or restructure surface, 
could be removed by employing a catalyst to reduce these species.  For instance, theoretical 
considerations suggest that RuO2 is able to reduce formate to methanol.180 
In nature, it seems that there are already catalysts that can break scaling relations. For instance, 
cubane structures based on Ni-Fe-S are forming the active sites within the carbon monoxide 
dehydrogenase enzymes (CODH) in bacteria, capable of reducing CO2 to CO reversibly.181 Inspired 
172 
 
by these, novel biomimetic catalyst based on metal sulfides could exhibit high CO evolution activities 
at low overpotentials.  
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Appendix A 
 
List of acronyms used throughout the thesis 
 
AR-XPS – Angle Resolved X-ray Photoelectron Spectroscopy 
ATR-SEIRAS – Attenuated Transmission Reflectance Surface Enhanced Infra Red Absorption 
Spectroscopy 
CE – Counter Electrode 
CPE – Constant Phase Element 
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This communication examines the eﬀect of the surface morphology
of polycrystalline copper on electroreduction of CO2. We ﬁnd that a
copper nanoparticle covered electrode shows better selectivity
towards hydrocarbons compared with the two other studied
surfaces, an electropolished copper electrode and an argon sputtered
copper electrode. Density functional theory calculations provide
insight into the surface morphology eﬀect.
The electrochemical conversion of CO2 into hydrocarbons is of
growing interest, since it could oﬀer a way to continue the
convenient use of carbon based fuels in a CO2 neutral manner.
The challenge is to convert CO2 under ambient conditions, such
that the reaction can run at aﬀordable cost and be adopted on a
wide scale in decentralized units positioned where surplus
electrical energy is available. The electrical energy would be
provided by sustainable energy options (such as wind, solar and
hydro) where the electricity production displays strong temporal
variations and therefore must be averaged on diﬀerent time
scales. Electrochemical ﬁxation of CO2 is potentially a pathway
for long term chemical storage of sustainable energy,1 providing
the products which could transport fuel.
In the past few decades, many metals were investigated as
catalysts for the electroreduction of CO2 with a view to
improving the yield of desirable molecules and control the
product selectivity.2 Among the possible products, hydrocarbons
such as methane and ethylene are the most desired, due to their
high energy densities and widespread use in the current infra-
structure. Among the studied metals, copper is the only metal
that produces hydrocarbons with high Faradaic eﬃciency,
instead of producing less valuable products such as formic
acid or CO.3,4 To produce useful hydrocarbons, such as CH4
(CO2 + 2H2O- CH4 + 2O2), a total potential of about 2.5 V
is required, including the thermodynamic reaction potential of
1.1 V, an overpotential ofB1 V4 on the copper electrode for the
hydrogenation reaction and an overpotential of B0.4 V5,6 for
the oxygen evolution reaction. This results in a total energy
eﬃciency ofB40%. With its unique electrocatalytic properties
and high abundance, polycrystalline copper is a promising
candidate for the electrochemical conversion of CO2 at an
industrial scale. Therefore, it is essential to understand how to
prepare a polycrystalline copper electrode in order to optimize
its catalytic activity. In the past, it has been reported that the
Faradaic eﬃciencies for this reaction are strongly aﬀected by
pretreatment of the copper electrode.7,8 However, the underlying
reasons for the inﬂuence of the pretreatment are still not clearly
established. In this work, diﬀerent pretreatments were used to
prepare copper electrodes for CO2 reduction. Three copper
electrodes (Samples A, B and C) were investigated:
Sample A: a copper electrode (25 mm  12.5 mm, thickness
1 mm, 99.999%, Goodfellow) and a connecting copper wire
(diameter 0.5 mm, 99.999%, Goodfellow) were cleaned by
electropolishing. The electropolishing was performed by applying
a potential of +2 V between the copper electrode and a platinum
cathode in phosphoric acid (1 mol L1) for 20 min and rinsing
the copper electrode with deionized water (18 MO). As electro-
polishing occurs at anodic potential, a certain amount of electrode
material is stripped from the surface along with surface
impurities.9,10 During the stripping, the protruding parts in
the surface proﬁle are preferentially dissolved and thereby
results in smooth, ordered terraces,9–11 as shown by scanning
tunneling microscopy (STM).9,12,13 The surface morphology
resulting from electropolishing is heavily inﬂuenced by electrolyte
ion adsorption.12,13 Strong binding of adsorbates enhances
surface diﬀusion of metal atoms.12 The terraces are stabilized
by the formation of ordered adsorbate layers.13 Consequently,
the terraces are harder to dissolve than steps. Electropolishing
in phosphoric acid is a routine procedure for the preparation
of planar copper single crystal surfaces. The sample shows a
smooth surface in scanning electron microscopy (SEM) as
shown in Fig. 1a. Hence, based on our SEM images and earlier
STM studies,9,14 the electropolished surface will probably be
dominated by low indexed terraces such as (100) and (111), but
will also contain a signiﬁcant number of low coordinated
surface sites such as steps.
Sample B: a copper electrode as in Sample A covered with
nanoparticles. The copper nanoparticles were formed in two steps.
In the ﬁrst step, the potential at the electropolished copper electrode
was scanned between 0.6 and +1.15 V vs. RHE (see Fig. 2a)
at 20 mV s1 in N2 saturated KClO4 (0.1 M, Aldrich, 99.99%).
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The pH value of the electrolyte during the cyclic voltammetry
was inﬂuenced by hydrogen evolution during the most scan
potentials and it increased from an initially neutral value
ofB7 up to the ﬁnally measured value of 10.5 after 20 cycles.
After cyclic voltammetry, the electrolyte turned slightly yellow-
brownish due to eventually dissolved species, as well as to formation
of suspended brownish particles. According to the Pourbaix
diagram for copper,15 the species present in alkaline solution are
not expected to be the Cu2+ ions, but rather CuOxHy species. In the
second step, along with reduction of the copper containing species
formed at the ﬁrst step, the copper was redeposited on the electrode
surface. The redeposition was performed in CO2 saturated KClO4
(pH = 6.0, 0.1 M) with a constant bias of 1.3 V vs. RHE for
20 minutes. The redeposition of copper is observed to be
dependent on the pH value of the electrolyte, as reported
previously.16 Purging with CO2 was used to adjust the pH of
the electrolyte to a value ofB6. After redeposition of copper,
the electrode surface turned dark as shown in Fig. S1 (ESIw).
SEM was used to characterize the dark electrode. As seen in
Fig. 1b a few layers of copper nanoparticles with size of
50–100 nm cover the copper surface. Estimated from the
SEM image, the surface area of Sample B is greater than the
geometric surface area of the electrode by a factor of 2–3.
Sample C: a copper electrode as in Sample A sputtered with
argon ions. The sputtering was conducted in an XPS system (Theta
Probe, Thermo Scientiﬁc) with 3 keV Ar+ ions and 4 mA emission
current for 10 min. At each cycle of Ar+ sputtering, an area of
10 mm  10 mm was bombarded with Ar+ ions, removing
approximately 30 monolayers (B10 nm) from the surface. Six
diﬀerent areas on both sides were sputtered to treat the whole
electrode (25 mm  12.5 mm). On a microscopic scale, Sample C
shows a roughened surface topography, due to pit formation after
Ar+ bombardment and island growth bymetal atoms redeposition,
as observed before in the STM studies17 (Fig. 1c).
There is some controversy in the literature as to whether the
active phase for CO2 electroreduction is metallic Cu
2–4,18–22 or
Cu2O.
8,23 Consequently, the three samples were characterized
using X-ray Photoelectron Spectroscopy (XPS). The XPS
spectrum of the sputtered copper surface (Sample C), as prepared,
represents that of a clean metallic surface. The other two samples
contain some surface oxygen due to the transfer under ambient
conditions. However, there is no chemical shift observed due to
copper (II) oxide. All three surfaces exhibit the following signals
for copper: Cu 2p3/2 at 932.4 eV and Cu 2p1/2 at 952.2 eV, that
correspond to metallic copper or copper (I), see Fig. S2a (ESIw).
To diﬀerentiate between metallic Cu and Cu2O, the Cu
Auger spectrum was measured.24 Fig. S2b (ESIw) shows the
copper Auger lines for the three surfaces, as prepared. The
sputtered sample naturally only shows the ﬁngerprint of
metallic copper since no oxygen was present here at all. The
electropolished sample also appears to be metallic, i.e., the
small amount of oxygen adsorbed during the transfer is not
signiﬁcantly inﬂuencing the Auger signal. This could be explained
by the preparation procedure, which involves applying a positive
potential in a phosphoric acid solution (pH 1.5) where, according
to the copper Pourbaix diagram, the stable species should be
Cu2+ and no oxide species are expected.15 The nanoparticle
covered surface (Sample B) shows an Auger peak that corre-
sponds to Cu2O. This sample was prepared in 0.1 M KClO4
solution within the pH range where Cu2O can be formed.
It was unclear whether the nanoparticles were oxidized when
they formed, during the redeposition step, or simply by the
exposure to the electrolyte. With the aim of clarifying this
issue, we studied the Auger signals on the sputtered sample in
following cases: under UHV conditions, air exposed (30 min)
and after being dipped into the electrolyte. Based upon
Fig. S2c (ESIw), exposure to the air leads to a slightly oxidized
surface, while dipping the sample into the electrolyte forms a
fully oxidized surface, as observed on the nanoparticle covered
sample. Therefore, the XPS measurements are insuﬃcient to
identify the active phase of copper for electrocatalytic CO2
reduction. Only in situmeasurements would be able to identify
the real surface state during the electrocatalytic process.
Even though we do not have any measurements of the
oxidation state of copper during the catalytic reaction, we
take the view that it is highly unlikely that the active phase is a
form of copper oxide, rather than metallic Cu. There is a
signiﬁcant driving force for the reduction of copper oxide
under reaction conditions, i.e.B1.5 V overpotential relative
to the Nernst potential of the reduction of Cu2O to metallic Cu
at pHB6 and1.1 V vs. RHE.15 Notably, in situ STM studies
have shown that at the mostB1 V overpotential is required to
completely reduce Cu oxide to form ordered Cu(111) terraces in
0.1 M NaOH.25 Moreover, Le et al.26 found that their Cu oxide
catalyst reduced to metallic Cu at an overpotential of 1.3 V,
relative to the Cu/Cu2O reversible potential in CO2 saturated
0.5 M KHCO3.
As electrochemical characterization of the surfaces, cyclic
voltammetries in N2 saturated and CO2 saturated atmospheres
were performed on the three samples. A non-buﬀered solution
Fig. 1 Scanning Electron Microscopy for three surfaces: (a) Sample A (electropolished surface), (b) Sample B (copper nanoparticle covered
surface) and (c) Sample C (sputtered surface).
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KClO4 (0.1 M) was used as electrolyte, with the pH value
monitored throughout all the steps of the electrochemical
process. The as-made electrolyte has pH of 7  0.5. Pre-
electrolysis was performed in order to remove possible traces
of impurities, which shifts the pH to values of ca. 8. Cycling to
very negative potentials also increases pH. CVs in N2 were
recorded at alkaline pH 11  0.5. However, CO2 bubbling
lowers the pH down to 6  0.5. In Fig. 2(b and c), the cyclic
voltammograms (CV) in saturated 0.1 M KClO4 under CO2 and
N2, respectively, are shown against the reversible hydrogen electrode
(RHE), with the potential scales corrected for pH and conﬁrmed
through the alignment of the Cu(I)-oxide formation peak.
As expected according to the copper Pourbaix diagram,15
these peaks appear at the same potential against RHE when
CVs are performed in the same potential range. Plotting the
CVs against RHE enabled the comparison of the onset
potentials for the reduction process, such as the hydrogen evolu-
tion reaction (HER) in the N2 saturated environment and the two
simultaneous processes HER and CO2 reduction in the CO2
saturated environment. Firstly in the N2 saturated environment,
the formation of the cuprous oxide is observed at potentials of ca.
0.65 V vs. RHE, followed by its reduction during cathodic scan
atB0.3 V vs.RHE, which is consistent with the thermodynamical
potential of Cu to Cu2O at 0.47 V vs. RHE.
15 The electropolished
Fig. 2 Cyclic voltammogram of the formation of copper nanoparticles in 0.1 M KClO4 purged with N2 at pH 10.5 (a); cyclic voltammogram of
the electropolished copper surface, copper nanoparticle covered surface and sputtered copper surface in 0.1 M KClO4 purged with CO2 (b) and N2
(c). The current density is normalized by the geometric area of the electrode surface. The overpotentials are corrected for ohmic resistance between
the working and reference electrode.
Pu
bl
is
he
d 
on
 0
9 
N
ov
em
be
r 2
01
1.
 D
ow
nl
oa
de
d 
on
 2
4/
03
/2
01
4 
18
:5
0:
57
. 
View Article Online
This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14, 76–81 79
polycrystalline copper surface (Sample A) exhibits an exponential
increase of cathodic current at 0.45 V, indicative of hydrogen
evolution. The nanoparticle covered surface (Sample B) and the
sputtered surface (Sample C) have the onset potential for
hydrogen evolution earlier than Sample A. Moreover, at the
most negative potentials, the cathodic current density is greater
on roughened surfaces than on the electropolished surface. This
could partially be attributed to the increased surface area of the
nanoparticle covered surface. However, we can consider that
the electropolished sample and the argon sputtered sample
have the same surface area. Therefore, the diﬀerence in onset
potential and current values, between these two electrodes, can only
be attributed to surface morphology. On the other hand, the
diﬀerence between the current values for the electropolished
electrode and the nanoparticles covered electrode is greater than
the expected from the diﬀerence in surface area. For instance,
at 0.6 V the current is 4.5 times higher on the nanoparticle
covered surface than on the smooth one. The surface area increase
contributes only with the previously estimated factor of 2–3.
In addition, higher surface area does not explain the improved
onset potential of the roughened surface, which is more indicative
of a better electrocatalytic activity for hydrogen evolution on the
surface dominated by low coordinated surface atoms.
Cyclic voltammetry in CO2 (pH 6.0  0.5) shows similar
trends as in nitrogen where the higher current densities were
observed on roughened surfaces (Samples B and C). For
instance, at 0.75 V vs. RHE, the current density of the
nanoparticle covered surface (Sample B) is 10 times higher
compared to the electropolished surface (Sample A), which again
is a proof that the surface morphology contributes more to the
current densities than just the eﬀect of surface area increase.
The onset potentials, when the current density exceeds
1 mA cm2, appear at 1.0 V for the electropolished surface,
at 0.8 V for the sputtered surface and around 0.6 V for the
nanoparticle covered surface, which are more negative than
that observed in N2. The more negative onset potentials
indicate the presence of adsorbed species during CO2 reduction.
According to Hori2, the CO2 reduction reaction proceeds with
the formation of adsorbed CO as an intermediate product. The
Faradaic current is being contributed from two competing
reactions:
*CO2 + 2H
+ + 2e- *CO + H2O
(The ‘‘*’’ indicates that it adsorbs to the surface)
2*H+ + 2e- H2
To conﬁrm a better catalytic performance of Sample B the
reaction products were determined, after applying a constant
potential of 1.1 V vs.RHE on a CO2 saturated electrolyte for
15 minutes. Results from the electrocatalytic reactions on the
three samples are shown in Fig. 3. Faradaic eﬃciencies of
the major gas-phase products are expressed by monitoring the
product distribution using gas chromatography and relating
those to the charge consumed during the reaction. After
15 minutes of reaction, the concentration of the liquid product
was below the detection limit. To identify the liquid products
the reaction was run for 24 hours using the electropolished
sample. According to the HPLC analysis the only product
present in the liquid phase is formic acid (faradaic eﬃciency
of B7.5%). During the 24 hour reaction the copper electrode
turned black, therefore it was characterized by SEM (see Fig. S3,
ESIw). The SEM images showed a nanoparticles covered
surface which indicates that during the reaction some copper
is dissolved and redeposited on the electrode, generating a
roughened surface. Since the surface structure is modiﬁed
during the reaction the faradaic eﬃciency obtained during
the 24 hour experiment cannot be attributed only to a smooth
surface. In Fig. 3 it is clear that a higher total eﬃciency
towards CO2 reduction gas products (methane, ethylene and
CO) is obtained using the roughened surface (Sample B), while
the smooth surface (Sample A) has a lower faradaic eﬃciency
towards the products related to CO2 reduction. On the other
hand, the selectivity towards hydrogen is higher on the smooth
surface (Sample A) than on the roughened surfaces (Samples
B and C). These two facts imply the importance of the roughening
of the copper surface for the better selectivity towards CO2
reduction. The formation ratio between CH4 and C2H4 is also
noteworthy. Sample A produces C2H4 with the faradaic
eﬃciency of 14% and CH4 with 5%. Sample B preferentially
converts CO2 to C2H4 with the faradaic eﬃciency of 36%, but
only 1% to CH4. Sample C has a slightly lower faradaic
eﬃciency of 26% towards C2H4, but only 8% towards CH4.
These results indicate that production of C2 is favored on a
roughened surface.
Better catalytic performance of the roughened surface is
obtained due to two diﬀerent eﬀects: achieved higher current
densities and improved faradaic selectivity to hydrocarbons.
Increase in current densities is easily explained taking into account
the higher surface area of the roughened sample, providing more
active sites for both CO2 conversion and hydrogen evolution.
Improvement in the selectivity towards hydrocarbons suggests
that the morphology of the surface plays a signiﬁcant role in the
process. As established earlier, the smooth surface consists mostly
of low index crystal facets, such as Cu(100) and Cu(111).
However, the roughened surfaces contain signiﬁcantly more
low-coordination sites, such as steps, edges and defects that
seem to be more active towards CO2 reduction.
Fig. 3 Faradaic eﬃciency for the products of electroreduction of CO2
on three surfaces in CO2-saturated 0.1 M KClO4 upon 1.1 V vs.
RHE, including Sample A (electropolished surface), Sample B (copper
nanoparticle-covered surface) and Sample C (sputtered surface).
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Our observations on diﬀerent surfaces are in agreement with
Hori’s investigations2 of CO2 electroreduction on single
crystal Cu surfaces in 0.1 M KHCO3 aqueous solution. These
investigations include terrace facets, Cu(111) and Cu(100),
that can be compared with the smooth surface of Sample A
in our case. Stepped surfaces like Cu(311), Cu(511) and
Cu (711) can be related to roughened surfaces on Samples
B and C.19–20,22 Hori et al. observed that the stepped copper
surfaces exhibit diﬀerent selectivities and that the reactions
occur at lower potentials for a speciﬁc current density
compared to the terrace facets. They also concluded that the
selectivity ratio between CH4 and C2H4 depends strongly on
the crystal orientation.19–20,22 They reported that Cu(111)
produced CH4 with a faradaic eﬃciency of 50.5% and C2H4
with an eﬃciency of 8.8%. On the other hand, the stepped
surface, Cu(711), was more selective towards C2H4, with a
Faradaic eﬃciency of 3.8% towards CH4 and 51.6% towards
C2H4. Given that CO2 reduction is strongly inﬂuenced by the
electrolyte, working potentials, and pH,4 it is diﬃcult to make
a direct, quantitative comparison of Hori et al.’s results to our
own. Nevertheless, our observations, whereby the selectivity
towards C2H4 or CH4 depends on the surface morphology,
seem to be consistent with those of Hori et al. A recent paper
by Koper and co-workers27 sheds light on the correlation
between the formation of CO and ethylene. They propose
two diﬀerent pathways: one for methane and another one for
ethylene formation. Our results indicate that on diﬀerent
surfaces CO and ethylene formation follow the same trends.
Higher CO production seems to favor the formation of
ethylene, as previously suggested.21,27 It is also worth mentioning
that the highest selectivity for ethylene on nanoparticle covered
surface seems to be a reason for suppressed methane production.
However, based on our results, we are not able to make strong
conclusions on intermediates required neither for methane nor
for ethylene formation.
In order to understand the apparent eﬀect of surface
pretreatment on the catalytic performance of Cu towards CO2
electroreduction, density functional theory (DFT) calculations
were performed on the fcc(111), fcc(100) and fcc(211) facets of
Cu. As discussed earlier, the roughened surfaces would contain a
larger number of defects such as steps, the eﬀect of which can be
modeled by the (211) facet. On the other hand, the electropolished
surface should be dominated by the terrace facets, such as
(111) and (100).
Free energetics of the hydrogen evolution reaction was
calculated with DFT and is shown in Fig. S4 (ESIw); the
stepped sites (211) are predicted to have higher activity than
the terrace (111) and (100) sites since the free energy of the
adsorbed hydrogen intermediate (H*) is closer in free energy
to the initial and ﬁnal states of the reaction. This may translate
into a higher activity for hydrogen evolution on these stepped
sites. However, this may have less of an eﬀect on the onset
potential than the free energy diagram would suggest: the steps
on the Cu surface are inaccessible to adsorbed H at low bias
(less negative potentials), since they can be blocked by hydroxyl
(OH) groups. This is shown in Fig. S5 (ESIw), in which DFT
calculations show that OH adsorption from water proceeds
spontaneously at 0 V vs. RHE on the (211) and (100) copper
surfaces causing the surface blocking.
Density functional theory calculations were also employed
to have a better understanding on the improved hydrocarbon
selectivity of the roughened surfaces. The conversion of
electronic energies to free energies, the eﬀect of solvation, and
the eﬀect of electric ﬁelds were handled in a manner identical to
that in a previous study that examined CO2 reduction at copper
electrodes.21,28 In the previous study, the elementary proton–
electron transfer steps have been proposed for the process of
reducing CO2 to hydrocarbons. The potential requirements in
CO2 reduction to methane on Cu fcc(211) surfaces have been
proposed, where the protonation of adsorbed CO to produce
adsorbed CHO is identiﬁed as the limiting step.21 While many
factors control the reactivity of the diﬀerent facets of copper
during the CO2 electrochemical reduction and a complete
understanding will require a more detailed model, we based
on this previous study to determine the eﬀect of surface
roughness on the energetics of this transformation. Therefore
we calculated the free energies of the transformation of CO* to
both CHO* and COH* (where an asterisk, *, indicates an
adsorbed species) on three diﬀerent copper crystal facets,
which were taken to be indicative of the range of smooth
and roughened surfaces encountered in polycrystalline copper.
These three facets are the (111) surface, which is a smooth
facet containing the highest surface density of metal atoms and
3-fold binding sites, the (100) surface, which is a smooth facet
containing a lower surface density of metal atoms and 4-fold
binding sites, and the (211) surface, which contains a step.
Fig. 4 compares the energetics of CO* protonation on the
(111), (100), and (211) surfaces at 0 V vs. RHE. It can be seen
that on all surfaces, the route to CHO* is favored over the
Fig. 4 Calculated free energies, at 0 V vs. reversible hydrogen electrode
(RHE), of the protonation of adsorbed CO to form adsorbed COH or
CHO on the (111), (100), and (211) facets of the face-centered cubic
copper crystal. The protonation proceeds most favorably on the (211)
facet to the CHO adsorbate. See also Durand et al.28
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route to COH*, and the (211) surface stabilizes this transfor-
mation relative to the (111) and (100) surfaces. This may
partially explain the higher current and higher selectivity to
hydrocarbons experimentally observed on the roughened
surfaces. It has been suggested that the ethylene is formed
from a non-electrochemical surface reaction between adsorbed
species, for example the coupling of CHO* to *OCHCHO*.21
The high selectivity of C2H4 and low selectivity of CH4 on
Sample B are possibly due to high coverage of CHO* or other
adsorbed species along step edges. Therefore the formation
rate of C2H4 is inﬂuenced by the surface crystal orientation.
Among the three copper surfaces with diﬀerent pretreatments
and thus morphologies, the roughened copper surfaces (the
copper nanoparticle covered surface and the sputtered surface)
show higher selectivities towards hydrocarbons. In particular, our
in situ activation method to prepare the copper nanoparticle
surface is simple and eﬀective. The morphology eﬀect is explained
by the greater abundance of undercoordinated sites on the
roughened surfaces. DFT calculations indicate that these sites
are more likely to be the active sites for CO2 reduction. On the
basis of our results, we propose that the activity of Cu could be
enhanced further by preparing smaller nanoparticles of Cu, as
these would have a greater density of undercoordinated sites.
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ABSTRACT: We have studied the electrochemical reduction of CO2 on Cu
overlayers on Pt(111) and Pt(211) surfaces. These systems were chosen to
investigate the eﬀect of strain on the catalytic activity of Cu surfaces and to
obtain information about the role of steps in this process. The selectivity
toward hydrocarbons on the copper overlayers is much lower than on
polycrystalline copper due to a higher selectivity for hydrogen evolution. With
the aim of understanding the lower activity toward CO2 electroreduction of the
Cu overlayers, we also studied the surfaces under reaction condition using
electrochemical scanning tunneling microscopy (EC-STM). In the presence of
CO, the Cu overlayer changes from a ﬂat to a granular structure exposing part of the Pt surface. The exposed Pt surface accounts
for the high selectivity of these structures toward hydrogen evolution. These results illustrate the dynamic nature of the surface
under reaction conditions and that in situ measurements are crucial to understand catalytic activity.
■ INTRODUCTION
In recent years, there has been an increasing amount of interest
into the electrochemical reduction of CO2.
1−9 This process
could potentially be used to produce carbon neutral fuels using
the otherwise wasted excesses of electricity generated from
renewable sources. In addition, some of the possible reduction
products may be used as feedstock for the chemical industry.10
Despite over two decades of research, Cu is the only metal
found to produce hydrocarbons in considerable amounts.11
Nevertheless, formation of hydrocarbons occurs at more than
0.7 V overpotential, which implies signiﬁcant energy losses (the
reversible potentials for most of the products are close to 0.0 V
RHE).12 In addition, the reduction of CO2 on copper results in
a mixture of products such as CO, formic acid, methane, and
ethylene.12 Besides these products, H2 is evolved in a
competitive reaction. Because of the low eﬃciency and
selectivity of copper, it is crucial to ﬁnd catalysts that selectively
and eﬃciently reduce CO2, to make this process technologically
viable.
The reactivity of pure Cu toward CO2 reduction can, to a
certain degree, be tuned by modifying its structure and
morphology. Nanostructured Cu seems to be more active
and selective toward CO2 reduction to ethylene and methane
than electropolished polycrystalline Cu.1,6 This can be
rationalized on the basis of density functional theory
calculations by Nørskov and co-workers on Cu(111),
Cu(100), and Cu(211).13 According to those calculations, on
each of these surfaces the limiting step is the hydrogenation of
*CO (where *CO denotes adsorbed CO), the most stable
intermediate. The overpotential for this step is lower on the
most undercoordinated surface, the fcc (211) step site. Since
steps and other undercoordinated sites would be more
prevalent on nanoparticles, these calculations explain the
observation that nanostructured Cu is more active for CO2
reduction.
Nanostructured Cu is also more selective to ethylene
formation than methane.1,6 These results are consistent with
single crystals studies that have shown that at low index facets
such as Cu(111) methane is the predominant hydrocarbon
while on step surfaces such as Cu (711) ethylene formation is
favored. Interestingly, when comparing CO reduction on
diﬀerent single crystal Cu surfaces using online electrochemical
mass spectroscopy (OLEMS), Koper and co-workers14 observe
that C2H4 formation occurs at the lowest overpotentials on
Cu(100); stepped surfaces appear to be less active. Never-
theless, it is important to bear in mind the inherent challenges
in working with Cu single crystals in an electrochemical
environment and that the overall surface structure might diﬀer
considerably. First, whereas Pt and Au single crystals are usually
prepared for electrochemical measurements by thermal
annealing, Cu single crystals are typically electropolished in
phosphoric acid. Although electropolishing produces some
ordered terraces, they are typically narrower than those of
thermally annealed Au or Pt. Moreover, recent electrochemical
scanning tunnel microscopy (EC-STM) studies from our
laboratory have shown that the Cu(111) facets are unstable in
phosphate buﬀer at neutral pH.15 Therefore, the surface
structure is modiﬁed appreciably under CO2 electroreduction
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conditions and does not correspond to the initial single crystal
orientation.
Regardless of the exact orientation of the Cu single crystals, it
is clear that surfaces with higher amount of undercoordinated
sites favor ethylene production over methane. However, the
mechanism by which ethylene is produced is still under debate.
Nørskov and co-workers argue that the potential determining
step is the hydrogenation of *CO, the same as for methane, and
that the C−C bond is formed from a nonelectrochemical
surface reaction between adsorbed species, for example the
coupling of *CHO to *OCHCHO*.4,16 On the other hand,
Koper and co-workers propose that the C−C coupling step
occurs prior to the hydrogenation of *CO.2,17
An alternative option for tuning the reactivity of Cu would be
to modify its structure by forming overlayers of the metal on a
foreign metal substrate. Metal overlayers aﬀord unique
opportunities toward tuning the activity of surfaces and have
been investigated widely in the ﬁeld of catalysis.18−24 Overlayer
structures exhibit improved catalytic activity in comparison with
pure metals in a variety of gas phase catalytic and electro-
catalytic processes; these include the water shift reaction,
methanol oxidation,25,26 CO electro-oxidation,20 oxygen
reduction reaction,24 formic acid electro-oxidation,22 and the
hydrogen evolution reaction.21,23 Their reactivity is determined
by interplay between ligand and strain eﬀects.22,27−29 Ligand
eﬀects are due to a change in the electronic structure caused by
the presence of dissimilar atoms.19,30,31 Conversely, strain
eﬀects occur when the interatomic distance in the surface
changes; in accordance with the d-band model compression
results in weaker interaction with adsorbates whereas tensile
strain results in stronger interaction.29,32
Placing a pseudomorphic Cu overlayer on Pt(111), i.e., an
overlayer that adopts the interatomic distance of the host
substrate, modiﬁes the binding to CO by ∼0.4 eV,29 relative to
Cu(111). On that basis, we would anticipate that Cu overlayers
on Pt(111) should show signiﬁcantly diﬀerent activity and
selectivity toward CO2 reduction.
4,33 Consequently, in the
present paper, we investigate Cu overlayers on Pt(111) single
crystals. Moreover, in order to investigate the presence of
undercoordinated sites, we also investigate Cu overlayers on a
stepped surface, Pt(211). We test the performance of these
surfaces for CO2 reduction in 0.1 M KHCO3 buﬀer, using cyclic
voltammetry and bulk electrolysis, using gas chromatography to
measure the gas phase products.
In addition, we have monitored the structure of our Cu
overlayer using EC-STM. Such in situ experiments are essential
to obtain a holistic view of the factors determining the stability
and activity of a surface. This is particularly important when
working with bimetallic systems, in which CO is known to
induce structural changes, causing segregation of one of the
components34−38 or transforming an overlayer to a surface
alloy.39
■ EXPERIMENTAL PROCEDURE
The electrochemical measurements were performed in a
custom-made three-electrode cell, which has been described
elsewhere.40 This cell allows annealing the crystal without
exposing it to air before the electrochemical measurements. We
have used a Biologic Instruments SP-150 potentiostat to
control the potential during the measurements. The counter
electrode was a Pt wire, while the reference electrode (Hg/
HgSO4) was in contact with the electrolyte through a capillary,
separated by a ceramic ﬁrth. For a better comparison all
potentials are given against the reversible hydrogen electrode
(RHE). The cell has been coupled to a gas chromatograph
(GC) (Agilent 6890) for quantiﬁcation of the gas products.
The liquid products were analyzed by high performance liquid
chromatography (HPLC).
Before experiments, all glassware was cleaned in “piranha”
solution consisting of a mixture of 96% H2SO4 and 30% H2O2
(3:1) for 24 h, to remove any metal or organic impurities,
followed by extensive rinsing with Milli-Q water.
Single Crystal Preparation. Pt(111) and Pt(211) single
crystals (MaTecK, Jülich) of 10 mm of diameter were used as
working electrodes. Before experiments they were annealed at
850 ± 20 °C in a H2(5%) + Ar atmosphere for 3 min, followed
by annealing in a CO(0.1%) + Ar atmosphere for 1 min at 850
± 20 °C.
Cu Overlayer Preparation. The copper overlayers were
prepared by underpotential deposition (UPD) from a solution
containing 2 mM Cu2+ (CuO from Alfa Aeser, 99.9995%) and
0.1 M HClO4 (Merck, Suprapur) in ultrapure water (Millipore,
Milli-Q). To form a Cu overlayer, the potential was held at
0.32 V vs RHE for 2 min.
Electrocatalytic Studies. CO2 electroreduction was
performed in 0.1 M KHCO3 (pH 6.8), prepared by bubbling
CO2 through a 0.1 M KOH solution (Merck, Suprapur) until a
stable pH was reached. For the CO reduction experiments, the
0.1 M KHCO3 solution was saturated with CO by bubbling it
for 15 min, resulting in a pH of about 8.3. The bulk electrolysis
was performed by applying a constant potential between −0.7
and −1.3 V. The actual working potential was corrected for
Ohmic resistance. For each measurement a freshly prepared Cu
overlayer has been used to ensure that adsorbates from
previous experiments do not inﬂuence the result. The catalytic
results obtained with the Cu overlayer are compared to those
obtained on polycrystalline copper in the same setup. For this
purpose we used a Cu foil (10 mm × 10 mm, thickness 1 mm,
99.999%, Goodfellow) cleaned by electropolishing in H3PO4,
following the procedure described by Hori et al.12 The
roughness factor of the Cu foil was determined via lead
under potential deposition (Pb UPD).41 For this purpose we
have assumed a stripping charge of 300 μA/cm2, as found by
Brisard et al. for Cu(111).42 All current densities have been
normalized according to the roughness factor determined using
this method, which was equal to 1.1. For the single crystals we
assumed a roughness factor of 1.
EC-STM Studies. The STM measurements were carried out
in a custom-built EC-STM setup, using the same experimental
procedures as described earlier.15 In order to avoid
contamination, a Pt wire serves the electrochemical cell of
the EC-STM setup as a pseudoreference electrode. Its potential
is deﬁned by the Pt + H2O ↔ PtO + 2H
+ + 2e− equilibrium.
This is inﬂuenced by the pH of the electrolyte and any species
in the electrolyte that may have a higher aﬃnity to Pt than
oxygen.
Consequently, it need to be calibrated for each electrolyte
solution either by comparison to literature or a NHE reference
electrode. To provide comparability to the electrocatalytic
measurements, all potentials in the following will be given with
respect to RHE.
A Pt(111) single crystal (MaTecK, Jülich) was prepared by
ﬂame annealing in a butane/air ﬂame; after cooldown in an
argon atmosphere (scientiﬁc grade, 99.9999%), it was protected
by a droplet of ultrapure water and built into the electro-
chemical cell of the STM setup.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp406913f | J. Phys. Chem. C 2013, 117, 20500−2050820501
The electrolyte solutions were prepared using the same high
purity chemicals as for the electrochemical measurements;
however, for Cu deposition a 0.1 M HClO4 + 1 mM CuO
solution was used. Because of experimental limitations, i.e., the
onset of the oxygen reduction reaction at the STM tip, the used
0.1 M KHCO3 solution was deaerated after saturation with
CO2 for about 10 min with argon. This yields in a higher pH of
the solution of 8.5; however, the pH of the CO saturated
solution is not aﬀected by this procedure. Possible impacts of
the diﬀerent pH will be discussed in the corresponding section.
X-ray Photoelectron Spectroscopy. Angle-resolved X-
ray photoelectron spectroscopy (AR-XPS) measurements were
taken ex situ on a Theta Probe instrument (Thermo Scientiﬁc).
The ultrahigh vacuum (UHV) chamber had a base pressure of
5 × 10−10 mbar. The X-ray source is monochromatized Al Kα
(1486.7 eV), giving a resolution better than 1.0 at 100 eV pass
energy; a beam spot size of 400 μm was chosen. For the angle-
resolved proﬁles, 16 diﬀerent channels were analyzed in parallel
between 20° and 80° from the surface normal, without tilting
the sample. Angle-resolved data were processed using the
simulation tool, ARProcess (Thermo Avantage software),
which uses a maximum entropy method combined with a
genetic algorithm to deﬁne the depth proﬁles; angles over 65°
were omitted to minimize the eﬀects of elastic scattering.
An overview spectrum was initially taken for identifying the
surface composition and possible contaminations. Once the
surface elements were identiﬁed, detailed angle resolved spectra
were acquired for each of the main peaks. Quantiﬁcation was
carried out after removal of a Shirley type background and
normalization of the peak areas by Scoﬁeld cross sections and
the analyzer transmission function.
■ RESULTS
Electrochemical Characterization of Pt Single Crys-
tals. The single crystals where characterized by cyclic
voltammetry (CV) in 0.1 M HClO4 and 0.1 M KHCO3
between 0.05 and 1.0 V to conﬁrm their correct orientation
(Figure 1). The CVs in 0.1 M HClO4 are consistent with those
reported previously.43,44 For Pt(111) the CV (Figure 1a) shows
the characteristic “butterﬂy peak” for OH− adsorption/
desorption between 0.6 and 0.8 V, with a peak current density
of 70 μA/cm2. In contrast, the CV for Pt(211) (Figure 1b)
shows two distinct peaks in the region between 0.05 and 0.4 V
and two broad signals for OH− adsorption/desorption. When
the electrolyte is exchanged for 0.1 M KHCO3 the OH
− signal
on Pt(111) is suppressed, and instead a broad reversible feature
is observed at ∼0.65 V assigned by Vega et al. to the adsorption
of HCO3
−.45,46 For Pt(211), the OH− feature in HClO4 is
emplaced by a broad feature at ∼0.65 V in 0.1 M KHCO3.
Cu Overlayer Formation. Figure 2 shows in red the anodic
scans after Cu deposition on the Pt single crystals. They exhibit
an oxidation peak due to Cu stripping at roughly 0.75 V. For
Pt(111), this appears as a very sharp feature consistent with a
strong interaction between the copper atoms.47 The obtained
charge for the oxidation of copper corresponds to 420 ± 20
μC/cm2. In contrast, the oxidation of the Cu overlayer on
Pt(211) appears as a broad signal. Furthermore, the Cu
oxidation starts at 0.4 V, which corresponds to near bulk
oxidation which is expected for step sites.48 Figure 2 also shows
CVs for the Cu overlayers recorded after the electrolyte was
exchanged to Cu-free 0.1 M HClO4 (blue lines). They exhibit
that the current in the “hydrogen underpotential deposition”
Figure 1. Cyclic voltammograms in Ar-saturated 0.1 M HClO4 and 0.1
M KHCO3 with dE/dt = 50 mV/s for (a) Pt(111) and (b) Pt(211).
Figure 2. Cyclic voltammograms after Cu deposition in Cu containing
0.1 M HClO4 (red) and in Cu free 0.1 M HClO4 (blue) with dE/dt =
20 mV/s for (a) Pt(111) and (b) Pt(211).
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regime, from 0.05 to 0.5 V has been suppressed, as previously
reported.20
Electrocatalytic Activity. Cyclic voltammetry was used to
provide an initial, qualitative assessment of the catalytic
performance of the four studied surfaces, i.e., Pt(111), Pt
(211), Cu/Pt(111), and Cu/Pt(211). They were characterized
in a 0.1 M HClO4 solution, saturated with three diﬀerent
atmospheres, i.e., Ar, CO2, or CO (Figure 3). We note that
CO2 reduction experiments are not usually carried out in acidic
solutions, as at low pH most catalysts show a poorer selectivity
toward CO2 reduction, relative to hydrogen evolution.
11 This is
mainly due to the fact that the hydrogen evolution reaction is
orders of magnitude more active in acidic than in neutral or
alkaline electrolytes.49 Nonetheless, the advantage of carrying
out these measurements in perchloric acid is that the pH will
not change signiﬁcantly upon changing the purging gas, as it
would in bicarbonate solutions in which bulk CO2 electrolysis is
usually carried out.
The CVs of the pure platinum surfaces in Ar-saturated
solutions show only a reduction current due to the hydrogen
evolution reaction (HER) (blue curves in Figure 3a,b). As
expected, the onset potential, deﬁned as the potential needed to
draw a current of 0.1 mA/cm2, is close to 0.0 V. In the presence
of CO2, however, the onset for the reduction current on
Pt(211) is shifted to more negative potentials, whereas it
remains the same for Pt(111) (red curves in Figure 3a,b).
Presumably, this shift is caused by reduction of CO2 to *CO
50
that blocks some of the active sites for the HER. The formation
of *CO on Pt(211) was corroborated by CO stripping (Figure
S1), where we observed an oxidation signal that corresponds to
roughly 1/2 monolayer of CO. According to Hori and co-
workers, planar Pt facets such as (100) and (111) are inert
toward CO2, while stepped surfaces are able reduce to CO2 to
*CO. This explains why only on Pt(211) the onset potential
for the HER is moved to lower potentials.51
It can also be seen that in the presence of CO the onset
potential for the reduction current on the pure Pt surfaces is
shifted to approximately −0.2 V (black curves in Figure 3a,b).
As previously reported, adsorbed *CO inhibits the HER.52
In the case of the copper overlayers, there is no signiﬁcant
diﬀerence between the two facets under study. The onset
potential for the HER in Ar saturated solution shifts
approximately 0.1 V with respect to the Cu free surfaces (red
lines in Figure 3c,d). This appears intuitive, as Cu is much less
active for the HER than Pt.53,54 In the presence of CO2, there is
a small shift toward more negative potentials, which might be
again due to the formation of adsorbed CO (red curves in
Figure 3c,d). In contrast, when the electrolyte is saturated with
CO, there is a clear shift to higher overpotentials, consistent
with the adsorption of CO and the blockage of the active sites
(black curves in Figure 3c,d).45
Bulk Electrolysis Experiments. On the basis of the CVs
described above, we cannot determine the selectivity toward
CO2 reduction and hydrogen evolution of the surfaces under
study. For this purpose, we performed potentiostatic bulk
electrolysis experiments in 0.1 M KHCO3 and analyzed the gas
phase products by gas chromatography (GC).
Potential Dependence. The potential dependence of the
CO2 electroreduction on the Cu overlayers was studied by
holding the potential for 15 min. For comparison, we also
conducted bulk electrolysis measurements on polycrystalline
Cu and on Pt(211). Pt(111) was not tested as the CVs under
CO2 showed that Pt(111) was not active toward CO2 reduction
(Figure 3a,b), in agreement with published results.51
It is important to note that these experiments were
conducted at much more negative potentials than the onset
of the reduction current. Similar to polycrystalline copper, the
Cu/Pt surfaces start producing hydrocarbons at high over-
potentials (roughly 0.7 V). However, one should be careful to
interpret the catalytic results at these high overpotentials, where
the total current densities are high, since under these conditions
the catalytic results are strongly aﬀected by local pH eﬀects and
mass transport limitations.55
The activity and selectivity measured for the polycrystalline
Cu closely resemble those reported in the literature, producing
the following gas products: hydrogen, methane, ethylene, and
CO.3,12 On the contrary, on Pt(211) hydrogen was the main
product accompanied only with traces of methane (Faradaic
eﬃciencies below 0.2%). For CO2 reduction on the Cu/
Pt(111) and Cu/Pt (211) overlayers, H2 and methane were
detected as the main products, together with only traces of
ethylene (Faradaic eﬃciencies below 0.6%). CO could not be
detected; however, volumetric CO concentrations lower than
0.15% are below the detection limit or our GC. Therefore, it is
not possible to determine Faradaic eﬃciencies for CO
production lower than ∼20% in our high-volume electro-
chemical cell.
Figure 4 shows the potential dependence of H2 and CH4
production in terms of Faradaic eﬃciencies and current
densities. In general, the partial current densities toward
hydrogen increase with overpotential. As expected, Pt(211) is
the most active surface toward HER, while polycrystalline
copper is the least active.53 The Cu overlayers show an
intermediate activity toward hydrogen production.
In order to determine the selectivity of each surface toward
each product, the Faradaic eﬃciencies were calculated. A
Faradaic eﬃciency of close to 100% for H2 production on
Pt(211) indicates that this surface is highly selective toward
hydrogen production. In contrast, polycrystalline Cu has the
lowest selectivity toward H2 and exhibits a clear dependence on
the potential, reaching a minimum value at −1.0 V. The
Figure 3. Cyclic voltammograms at 50 mV/s of Pt(111), Pt(211), Cu/
Pt(111), and Cu/Pt(211) in 0.1 M HClO4 saturated with Ar, CO2,
and CO. A schematic representation is shown next to the CVs.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp406913f | J. Phys. Chem. C 2013, 117, 20500−2050820503
selectivity of the Cu overlayers toward H2 is in between that of
pure Cu and Pt and does not show a clear trend with potential.
For methane production we found that both polycrystalline
copper and the Cu overlayers start to form methane at around
−0.7 V. In general, their Faradaic eﬃciencies and partial current
densities increase when going to more negative potentials.
However, whereas at lower overpotentials, the partial current
densities for polycrystalline Cu and the Cu overlayers are
comparable, at higher overpotentials the partial current
densities for polycrystalline Cu are about 2−3 times higher.
For example, at −1.0 V the partial current density toward
methane on polycrystalline copper is ∼1.2 mA/cm2, whereas on
the Cu overlayers is ∼0.5 mA/cm2. This lower selectivity
toward hydrocarbons is consistent with a recent study by Reske
et al. on Cu overlayers on polycrystalline Pt.56
Interestingly, there is no signiﬁcant activity diﬀerence
between Cu/Pt(111) and Cu/Pt(211). Even though the higher
total current density for Cu/Pt(211) may suggest a higher
activity, the partial current density for methane production
remains the same as for Cu/Pt(111), suggesting that the Cu/
Pt(211) overlayer is only more active toward the HER and not
to the CO2 reduction.
Time Dependence. We also studied the time dependence of
the CO and CO2 reduction on the Cu/Pt(111) surface by
applying a constant potential of −1.0 V in either CO2 or CO
saturated 0.1 M KHCO3 for 1 h. The gas products were
quantiﬁed after 5, 10, 15, 30, and 60 min of reaction while the
liquid phase was only analyzed after 1 h of reaction by HPLC.
In case of the electroreduction of CO2, formate was the only
product detected in the liquid phase, with a corresponding
Faradaic eﬃciency of only 1.4%. For CO electroreduction, no
products could be detected in the liquid phase.
Figure 5 shows the Faradaic eﬃciencies and partial current
densities toward methane and hydrogen production and, in
addition, the contributions of undetectable products (unbal-
anced). In the case of CO2, the unbalanced charge can be
attributed to the production of CO, with a concentration below
the detection limit of our GC, and formate, which remains in
the liquid phase. For the reduction of CO, the unbalanced
charge contribution is much lower (less than 5%), and as
neither CO nor formate are feasible products, it is mainly an
artifact of the measurements.
Previous results for bulk Cu surfaces have shown that for the
reduction of CO and CO2 the same hydrocarbon distribution is
obtained.14,57 On the Cu overlayers, however, the product
distribution from CO and CO2 can be considerably diﬀerent,
depending on the reaction time. The catalytic activity of the
Cu/Pt(111) toward the reduction of CO does not change
signiﬁcantly during the 1 h reaction. The Faradaic eﬃciency of
methane is 2% or lower during the whole reaction time,
suggesting that methane production is not favored in the
presence of CO. In contrast, the production of methane from
CO2 decreases drastically during the ﬁrst 15 min, reaching an
eﬃciency of ∼2% after half an hour of reaction. This result
indicates that during the reduction of CO2 the surface is being
modiﬁed, changing its catalytic activity. In addition, the ﬁnal of
methane production rate from CO2 is comparable to that from
the reduction of CO, suggesting a similar surface structure for
both cases.
XPS Results. The Cu/Pt(111) surface was characterized
after 1 h of bulk electrolysis using X-ray photoelectron
spectroscopy (XPS). Figure 6 shows the composition of the
sample as a function of depth obtained from angle-resolved
(AR)-XPS. The surface contains C, O, and K from the
electrolyte and Cu and Pt. These results conﬁrm that copper
remains at the surface and that it has not been dissolved into
the electrolyte or alloyed into the bulk of Pt. In addition, the
survey spectrum shown in Figure S2 indicates that there is no
Figure 4. Faradaic eﬃciencies and partial current densities toward H2
and CH4 as a function of potential after 15 min of bulk electrolysis in
CO2 saturated 0.1 M KHCO3 on Pt(211), Cu/Pt(211), Cu/Pt(111),
and polycrystalline Cu. The partial current density toward methane is
represented in a linear scale while the partial current density toward
methane is in logarithmic scale (lines to guide the eyes).
Figure 5. Faradaic eﬃciencies (left side) and partial current densities
(right side) toward H2 and CH4 and unbalanced products on Cu/
Pt(111) from the reduction of CO2 and CO as a function of time. U =
−1.0 V. Working electrolyte: 0.1 M KHCO3.
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signiﬁcant amount of other metal that may inﬂuence the
catalytic activity of the surface. The structure of the overlayer,
however, cannot be determined from the XPS analysis.
EC-STM. In order to understand our observations regarding
the reduction of CO and CO2 on the Cu overlayer on Pt(111),
we carried out EC-STM measurements.
We took particular care to model the conditions of the
electrocatalytic measurements as close as possible. For the
preparation of the Cu overlayer, we used the same experimental
procedures, i.e., Cu underpotential deposition from a 0.1 M
HClO4 + 1 mM CuO solution, followed by an electrolyte
exchange for a Cu-free 0.1 M HClO4 electrolyte at a constant
potential of 0.35 V. Under these conditions it is ensured that no
Cu dissolves during the electrolyte exchange and the deposited
Cu overlayer remains in a pseudomorphic structure.58
For the second electrolyte exchange for a 0.1 M KHCO3
solution, it has to be considered that the potential of the used
Pt pseudoreference electrode depends on the pH. An increase
in pH corresponds to an increase of the reference potential and
thus a more positive electrode potential. Therefore, in order to
prevent any oxidation of the Cu layer, the electrolyte exchange
had to be carried out at a rather low initial potential of about
−0.05 V. During the electrolyte exchange, the sample potential
shifted by ∼0.38 V, which corresponds to an electrode potential
after the electrolyte exchange of ∼0.33 V.
STM images recorded after the electrolyte exchange show
that the Cu overlayer retains an atomically ﬂat morphology, as
shown in Figure 7a. Hence, the established procedure for the
second electrolyte exchange does not aﬀect the morphology of
the Cu overlayer. For comparison with the above electro-
chemical measurements, it has to be considered that the pH of
the 0.1 M KHCO3 electrolyte used for the STM measurements
is slightly higher (refer to Experimental Procedure section).
However, a direct inﬂuence of the pH on the morphology of
the Cu overlayer appears unlikely: STM obtained in an acidic
0.1 M HClO4 electrolyte has also shown an atomically ﬂat
morphology,58 and an aberration for an intermediate pH of 6.8
seems implausible. In addition, in the Pourbaix diagram of
copper, no pH-induced phase change is found for such negative
potentials.59 The retainment of the closed ﬁlm-like morphology
of the Cu overlayer is in agreement with the results for its
electrocatalytic activity: The inhibition of the HER with respect
to the Cu-free systems suggests that no signiﬁcant parts of the
Pt(111) surface are exposed to the electrolyte.
In order to study the eﬀects of CO on the Cu overlayer, a
third electrolyte exchange for a CO saturated 0.1 M KHCO3
solution was carried out. The high aﬃnity of platinum to CO
aﬀects the potential of the pseudoreference electrode used in
the EC-STM setup, causing a potential drop during the
electrolyte exchange from about 0.33 to 0.18 V.
The morphology of the Cu overlayer changes fundamentally
upon exposure to CO. Instead of being atomically ﬂat, it
appears now granular with many defects (Figure 7b). Because
of these defects, part of the Pt(111) surface becomes directly
exposed to the electrolyte. The driving force for this
morphology change is presumably the formation of very strong
Pt−CO bonds. On the other hand, Cu binds more weakly to
CO, even when it is in the form of a pseudomorphic overlayer
on Pt.26
Considering tip-convolution eﬀects, a total exposure of 0.2
ML of the Pt(111) surface to the electrolyte can be estimated.
On high-resolution STM images (Figure 7c) a structure with a
hexagonal symmetry can be found within the defects of the Cu
overlayer. Its symmetry and lattice constant of 0.55 ± 0.04 nm
are in good agreement with a commensurable (2 × 2) structure,
which is known in the literature for adsorbed CO on Pt(111).60
This proves that in fact the Pt(111) surface becomes directly
exposed to the electrolyte and gets thus covered with CO. In
contrast, no ordered structure can be found for the islands of
the Cu overlayer (Figure 7c). Most likely, the initially
pseudomorphic Cu overlayer becomes laterally compressed
until it adopts an amorphous structure with nearest-neighbor
distance close to bulk Cu.
■ DISCUSSION
It is well established that during the reduction of CO2 to
hydrocarbons *CO is formed as an intermediate.14,57 Hence,
after a certain reaction time one would expect that *CO would
induce the same morphological changes on the Cu overlayer as
in the presence of pure CO. For this reason, the structural
changes of the Cu/Pt(111) in the presence of CO must be
taken in to consideration for the analysis of the catalytic activity
of the Cu overlayers on Pt.
As demonstrated by EC-STM, the presence of CO forces the
Cu atoms on the Cu/Pt(111) surface to move closer together
and to expose part of the Pt surface. This is in agreement with
the AR-XPS proﬁle, which shows that the surface contains both
Pt and Cu. Previously, we have shown that CO induces surface
reconstruction of Cu/Pt(111) at temperature above 400 °C. In
the present paper, we have demonstrated that the high binding
energy between Pt−CO also induces a restructuring of the
overlayer in an electrochemical environment at room temper-
ature.39
We anticipate that the high binding energy between Pt and
CO induces a similar reconstruction on Cu/Pt(211), causing
the exposure of Pt atoms.29 Therefore, instead of considering
Figure 6. Depth proﬁle for Cu/Pt(111) after 1 h of bulk CO2
electrolysis obtained by AR-XPS using the Pt 4f, Cu 2p, K 2p, C 1s,
and O 1s peaks.
Figure 7. (a) Atomically ﬂat morphology of the Cu overlayer in a CO-
free electrolyte (499 nm)2, U = 0.02 V, UB = 292 mV, IT = 1 nA. (b)
Granular morphology of the Cu overlayer after exposure to a CO-
saturated electrolyte (499 nm)2, U = 0.01 V, UB = 356 mV, IT = 10 nA.
(c) Disordered Cu overlayer with (2 × 2)-CO structure inside the
vacancies (13.6 nm)2, U = 0.01 V, UB = 356 mV, IT = 10 nA.
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the surfaces as perfect pseudomorphic overlayers, under
reaction conditions, they should be considered as Pt surfaces
partially covered by polycrystalline copper. The exact structure
of the Cu islands is challenging to elucidate. Nonetheless,
earlier surface studies of similar structures suggest that the
substrate will impose some strain onto the overlayer, even if it
the overlayer is defective or collapsed.32,61 On that basis, we
anticipate that the Cu overlayer will be under some degree of
tensile strain, with an interatomic distance between that of pure
Cu and pure Pt.
This dynamic behavior explains both the rather poor
performance of the Cu overlayers for CO and CO2 reduction
and the decay of activity for CO2 reduction. As platinum is
known to be highly active for the HER, this reaction will
dominate the observed overall activity as soon as a reasonable
amount of Pt is exposed to the electrolyte. The Cu islands will
reduce CO2 and water producing a mixture of hydrogen, CO,
formate, and methane. The current densities on copper,
however, are expected to be lower than on Pt, and therefore
the Faradaic eﬃciency toward these products is much lower
than for hydrogen.
The surface restructuring in the presence of CO also allows
us to explain the decay of methane production from CO2 on
Cu/Pt (111). At the beginning of the reaction the surface is a
pseudomorphic Cu overlayer on Pt(111) on which CO2 is
reduced to *CO and then to methane. However, as *CO is
being formed, Pt starts to be exposed, favoring the hydrogen
evolution reaction over the reduction of CO2.
Our results also explain the recent observations by Reske et
al.56 We expect that the Cu segregation observed on Pt single
crystals also occurs on polycrystalline Pt. This would account
for the lower selectivity toward hydrocarbons, in comparison
with polycrystalline copper. Furthermore, on thicker Cu layers
the exposure of the Pt atoms should be inhibited, explaining
their observation that Pt with 5 and 15 nm of Cu showed
higher selectivity toward hydrocarbons.
This is a clear example of the importance of in situ
characterization techniques. Knowledge of the catalyst surface
structure under reaction conditions can be crucial for the
understanding of the catalyst reactivity. This is especially
relevant when working with bimetallic catalysts. As demon-
strated here, adsorbate−metal interactions can induce surface
restructuring and inﬂuence the surface catalytic activity.
It is worth noticing that almost no ethylene is produced on
these Cu/Pt surfaces, while the eﬃciency toward ethylene on
polycrystalline copper can reach 30%. On the basis of our STM
images, we judge that the Cu islands on the Pt surface contain
large enough ensembles of contiguous sites covered by C-
containing intermediates for the C−C bond to be formed.
Therefore, in our experiments the suppression of ethylene
production can be attributed to a change in the copper
reactivity in comparison to polycrystalline copper. As described
earlier, we anticipate that the Cu may be under some degree of
tensile strain, relative to pure Cu. According to the d-band
model, this would result in a more reactive surface, which
would bind intermediates such as *CO more strongly.29
Nørskov and co-workers have suggested that the potential
limiting step for the CH4 and C2H4 formation is the
protonation of *CO to *CHO.4 However, the magnitude of
this step should be largely insensitive to the *CO binding
energy, as the *CHO binding energy scales with that of *CO.
On the other hand, they propose that ethylene production may
be limited by a chemical step, not involving charge transfer. We
speculate that the barrier for C−C coupling may be higher on
the strained Cu islands than on pure Cu. This would favor the
production of CH4 over C2H4.
16 An alternative explanation
could be that the sites required for ethylene production are
absent on the Cu/Pt surfaces. According to recent works by
Koper and co-workers, these sites are located on the (100)
facets of Cu.14,17
■ CONCLUSION
The catalytic activity of Cu/Pt(111) and Cu/Pt(211) surfaces
toward CO2 electroreduction is intermediate between that of
pure Pt and Cu. These surfaces exhibit higher total current
densities than pure copper, but the main reaction product is
hydrogen instead of hydrocarbons. The high activity toward the
HER on the Cu/Pt surfaces is attributed to the presence of CO.
During the reduction of CO2, *CO is formed as an
intermediate that destabilizes the Cu overlayer. Our EC-STM
measurements show that the structure of the Cu/Pt (111)
changes from a smooth pseudomorphic to a granular structure
in the presence of *CO, exposing a part of the Pt surface.
The structural changes induced by *CO are crucial in
understanding the catalytic activity of the Cu/Pt surfaces. The
exposure of the Pt surface accounts for the high activity of these
structures toward the HER and their poor selectivity toward the
reduction of CO2. These results illustrate that the catalyst
surface morphology is sensitive to reaction conditions. This
conﬁrms the importance of in situ characterization techniques
in elucidating the reactivity of bimetallic catalysts.
Furthermore, our results suggest that systems containing Pt
would not be stable during the electrochemical reduction of
CO2. The strong interaction between Pt and CO would likely
cause Pt segregation, favoring the HER over CO2 reduction.
For this reason, we propose the use of bimetallic systems made
of materials with lower aﬃnity toward CO as catalysts for the
electrochemical reduction of CO2. On such materials, *CO
would not induce surface restructuring, ensuring stability under
reaction conditions.
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Abstract 
 
Guided by the theoretical models, we followed a strategy of alloying to break the existing scaling relations between the key CO2 reduction 
intermediates. DFT calculations suggested Au3Cd to possess respectable stability and lower overpotential for CO evolution or CH3OH 
production than Au. However, numerous CO2 electrolysis measurements on gold-cadmium bulk and surface alloy exhibited lower activities 
for CO evolution relative to Au. Despite the promising predictions about low overpotentials based on DFT calculations, the CO electrolyses 
in alkaline media on cadmium alloyed gold surfaces revealed rather low activities for further reduction of CO. We propose possibilities of 
adsorbate induced rearrangements of the surface, involving possible segregation of elements and thus loss of active sites. The most likely 
candidates are *CO and *H under reaction conditions and possibly *OH and *OCHO* at more positive potentials. The reactivity of the 
bimetallic systems depends highly on the exact configuration of atoms at the active site.  
 
 
 
1. Introduction and motivation 
 
In order to perform effective reduction of CO2, Peterson et al propose the use of an electrocatalyst with stronger binding 
energy towards *CHO relative to the binding energy for *CO. For the materials on the righ side of the volcano in Figure 1.1, 
a possible approach could be increasing the partial pressure of gas phase CO. Otherwise, there should be found other 
strategies for decouling the binding energies of *CO and *CHO. Peterson et al1 suggest various decoupling strategies 
involving alloying, ligand stabilisation, tethering,  addition of promoters. All strategies rely on employing an approach to 
tackle the different geometries of adsorbed *CO intermediate and the adsorbed *CHO intermediate. CO in adsorbed state has 
a linear geometry, whereby carbon tends to bind the catalyst surface. On the other hand, adsorbed *CHO possesses a planar 
geometry. 
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2. Experimental methods 
 
Electrolysis cell. Electrolysis was performed in H-cell with cathode and anode compartments separated by a Nafion 
membrane conducting protons. The measurements were performed for 30 min potentiostatically in CO2 saturated 0.5 M 
KHCO3 at pH 7.5 and CO-saturated 0.1M KOH at pH 12.8. The Ohmic drop was corrected for 85% automatically and 15% 
manually. The Ohmic drop across the cell and surface areas of electrodes were estimated using electrochemical impedance 
spectroscopy(more details shown in Supporting Information).  
Bulk alloy Au3Cd. As received Au3Cd sheet was polished using 0.25 mm grain size diamond paste on a MD Nap cloth 
(further details in the list of materials and suppliers at the end of this section). After polishing the sample was unltrasonicated 
in acetone, ethanol and ultrahigh purity water multiple times. The procedure involved bombardment of the Au3Cd sheet with 
1 keV Ar+ ions and 1 μA emission current until no carbon or oxygen contamination were observed, which usually lasted for 
20 min.  
Surface alloy Cd/Au. A polycrystalline gold sheet, prepared as described above, was cycled in Ar-saturated 0.1 M H2SO4 to 
improve its cleanliness and obtain an estimation of the surface area. Although the electrolysis measurements are carried at 
pH 7 for CO2 reduction in bicarbonate and pH 13 for CO reduction in KOH, Cd  can only be deposited at pH below 7 (Cd is 
insoluble at pH above 7).2  In order to maintain potential control, the electrolyte in the reference and counter compartments 
could be not be exchanged.  Within these two latter compartments, a 0.25 M phosphate buffer was used (0.25 M K2HPO4 + 
0.25 M KH2PO4).  An Ar-saturated solution of 0.1 mM CdSO4 dissolved in 0.1 M H2SO4 was introduced into the working 
electrode compartment and potential was cycled between +0.74 V and 0 V or -0.05 V vs. NHE. The deposition potential, 
hold time and scan rate were chosen emipirically in order to achieve a specific coverage of Cd. A low Cd concentration in 
solution means that a longer hold time may be needed to achieve the same deposition charge, which is correlated to coverage 
based on the surface charge estimations obtained for Cu upd on Au.. For achieving very lower Cd coverages, a fast scan rate 
was used.  
Angle resolved XPS. The XPS equipment (Sigma Probe, Thermo Scientific) uses monochromated Al Kα line as X-ray 
source and a six channel detector for the detection of emitted electrons. 
 
Product analyses: 
Gas phase product analysis.We used gas chromatograph of type Agilent 6890. We used two different columns, one of type 
HP/Molesieve for separation of H2, O2, N2 and CO and another of type SUPEL-PLOT/Q for the separation of all the 
hydrocarbon species such as CH4, C2H6, C2H4, C3H8 and C3H6. Liquid phase product analysis. HPLC used for data in this 
thesis is of type Agilent 1200 Series equipped with an autosampler, degasser, quaternary pump, as well as both refractive 
index and diode array detectors. We used column purchased from BIORAD, Aminex HPX-87H. Samples were analysed 
both at room temperature and slightly elevated temperatures (30ºC) using 0.005 M H2SO4 as eluent at flow rate of 0.6 
mL/min. Injection volume was 30 μL.Static Headspace Gas Cromatography:We used the Agilent Headspace Sampler 7694E 
in connection to our GC of type Agilent 7890A. Nuclear Magnetic Resonance Spectroscopy (NMR)1H-NMR, 600MHz, 
Queen Mary University of London, London, UK. 
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3. Electrocatalytic Results 
 
Breaking scaling relations via alloying. The screening of bimetallic alloys performed by Nørskov’s group included a large 
number of transition metals forming alloy compositions in ratio of 3:1 (of type X3Y). Among several alloys that potentially 
have higher activity for CO evolution (red region on the volcano) one of the most promising is Au3Cd, because it has high 
stability under reaction conditions. 
 
Figure 1.1: (a) 2D kinetic volcano plot – Scaling of binding energies for COOH* relative to CO* on pure transition metals (white dots) and bimetallic alloys of 
type X3Y (black dots). Colored region represents logarithmic values of current densities calculated using data from3. (b) 2D-activity map - Scaling of binding 
energies of CO* and CHO* intermediates on pure transition metals (yellow dots) and bimetallic alloys of type X3Y (small crosses), among which the black 
triangle corresponds to Au3Cd. Colored regions represent values of predicted limiting potentials for adsorbed CO hydrogenation. (c) Stability plot – Predicted 
limiting potential for alloys against their stability represented as the free energy of formation (taking into account alloying energy and stability in electrolyte at 
pH 7 and 0 V vs. RHE). Au3Cd has shown the least negative limiting potential (-0.46 V) with appreciable stability (ΔGForm -0.06 eV/atom).  
Figure 1.2: Free energy diagram of first three steps of CO2 electro-reduction on various surface compositions of Au-Cd alloy system at -0.46 V vs. RHE.  
From previous theoretical considerations for CO2 reduction to methanol on pure gold surface, we have pointed towards the 
step in the reaction mechanism that might be responsible slow kinetics of further CO reduction.  In any case, the stabilisation 
of *CHO relative to *CO would result in a lower limiting potential and thus conversion of CO2 to useful fuels with less 
energy input. The binding energy of the *CHO intermediate is mainly determined by its interaction with the surface through 
the carbon atom. However, as suggested by Peterson et al, it may also to a certain extent be affected by its interaction via 
oxygen atom in an alloy containing an oxophillic element.1 This interaction may influence the final geometry of *CHO 
intermediate at the surface and so affect its binding and stabilisation with respect to adsorbed *CO. 
The alloys predicted to be very active by theoretical calculations should additionally be stable under electrochemical 
conditions, such as stability under reaction conditions - at the working potential and at the pH value of the working 
electrolyte. Figure 1.2 shows plot of limiting potential against the free energy of formation for various alloys, taking into 
b) a) 
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account their alloying energies as well as their stability in solution at pH 7 and at 0 V vs. RHE. From this plot one can easily 
deduce that the most stable candidates should have most negative free energies of formation, while the most active should 
have least negative value of limiting potential UL. Cadmium alloyed gold (Au3Cd) stands out amongst the candadiates for its 
relatively positive limiting potential and appreciable stability.  
Table 1.1: Summary of limiting potentials for various reaction steps of electrocatalytic CO2 and CO reduction on Au(211) and Au3Cd(211) at 1 bar CO2 and 
298.15K. Additionally, the limiting potentials for direct formation of *CHO from CO(g) are calculated considering 0.001 bar and 1 bar pressure of CO.  
 
 
 
CO2 electro-reduction on Au3Cd bulk alloy and Cd/Au surface alloy.  
In contrast to the DFT predictions, the partial current densities, and hence Faradaic efficiency, towards CO evolution was 
actually higher for Au, than Au3Cd.  On the other hand, the partial current density towards H2 evolution is remarkably 
similar between Au and Au3Cd. Interestingly, the partial current densities towards formate production are roughly two- to 
threefold higher on Au3Cd than Au in potential region from -0.4 V to -0.8 V.There are several advantages for this approach 
over testing the bulk alloy, namely (a) Cd is deposited in the metallic form, and it can be tested for CO2 reduction without 
loss of potential control or exposure to the air (b) the amount of Cd at the surface can be controlled (c), also, from a practical 
viewpoint, it is much less time consuming to prepare the Cd/Au surface alloy, enabling a higher throughput of samples. On 
Figure 1.4, the partial current densities for CO, formate and H2 are shown after CO2 reduction on 0.1 ML Cd/Au surface 
alloy in 0.5 M KHCO3, at pH 7.6.  The surface activity of gold does not seem to be affected by addition of rather small 
submonolayer amounts of cadmium. The partial current densities for hydrogen and CO overlap with the values obtained on 
polycrystalline gold electrodes. The main difference results to be a slightly higher activity of 0.1 ML Cd/Au for the 
production of formate.  
Surface Au(211) Au3Cd(211) 
Reaction step UL / V (RHE)  
at 0.001bar CO 
(CO2 reduction) 
UL / V (RHE)  
at 1 bar CO 
(CO reduction) 
UL / V (RHE)  
at 0.001bar CO 
(CO2 reduction) 
UL / V (RHE)  
at 1 bar CO 
(CO reduction) 
CO2 → *COOH -0.77  -0.77 -0.46 -0.46 
*CO → *CHO -0.40 -0.40 -0.17 -0.17 
CO (g) → *CHO -0.59 -0.41 -0.47 -0.29 
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Figure 1.3: (Upper panels) Faradaic Efficiencies for CO2 electro-reduction on a sheet of bulk alloy Au3Cd relative to polycrystalline Au for the three major 
products: CO, HCOO- and H2. (Lower panels) Partial current densities of bulk alloy Au3Cd relative to polycrystalline Au for the three CO2 reduction products: 
CO, HCOO- and H2. Note current density is plotted on logarithmic scale. The current normalisation involved use of data obtained from the electrochemical 
impedance spectroscopy (as roughness factor for Au3Cd sheet we used 3.3 and for polycrystalline Au sheet 1.5). The electrolysis was done in 1 bar CO2-
saturated 0.5 M KHCO3 at pH 7.6. The data points were recorded in two sets, before each the Au3Cd electrode was sputter-cleaned. The sets were as follow: -0.3 
V, -0.5 V, -0.7 V and -0.9 V. Second set was done in following order: -0.8 V, -0.6 V and -0.4 V. 
.  
 
Figure 1.4: Partial current densities for CO2 reduction in 0.5 M KHCO3 at pH 7.6 on 0.1 ML Cd/Au surface alloy compared to polycrystalline Au. Each point 
represents an independent measurement lasting 30 min. The data is recorded in two sets – first (-0.35 V, -0.43 V, -0.5 V, -0.6 V and -0.7 V) and second set (-
0.65 V, -0.55 V, -0.45 V and -0.4 V). Note the logarithmic scale of partial current densities. 
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The CO2 reduction on Au alloyed with Cd, both bulk and surface alloy, leads to the three major products already observed 
on polycrystalline Au: H2, CO and formate. The CO evolution activity increases in the following order: Au3Cd << Cd/Au 
surface alloy ൎ Au (see Figure 1.5); this trend is the opposite to that which was predicted by the DFT calculations, which 
suggested the following trend: Au(211) << Cd/Au(211) surface alloy < Au3Cd(211) (see Figure 1.2).  The hydrogen 
evolution activity is the same on all surfaces, i.e.  Au3Cd ൎ Cd/Au surface alloy ൎ Au, also in contrast to DFT predictions, 
which suggested the following trend Au3Cd ൏ Cd/Au surface alloy ൏ Au (see Figure 1.2).   The formate production activity 
is as follows: Au < Au3Cd ൎ Cd/Au.  
 
 
 
 
 
 
 
 
Figure 1.5: Comparison of CO ecolution activities for various gold cadmium surfaces relateive to Au at -0.6 V in CO2 saturated 0.5 M KHCO3..  
CO electro-reduction on Au3Cd bulk alloy and Cd/Au surface alloy. In order to confirm the presence of any minor 
products that could account for the unbalanced charges obtained from the gas phase analysis, we focused in particular on 
liquid products analysis with high sensitivities: nuclear magnetic spectroscopy and static headspace analysis connected to the 
gas chromatograph. The electrolysis measurements were performed on Au3Cd at low overpotentials (-0.5 V, -0.4 V and -0.3 
V) for 60 min to enable more accurate product detection. On the plots, the total current densities are shown, corresponding 
ca. 95 % of current efficiency towards H2.. 
Figure 1.5: Partial current densities towards hydrogen evolution on Au3Cd bulk alloy in various electrolytes during CO electrolysis: (1) CO-saturated 0.1 M 
HClO4 at pH 1 (red triangles, red dashed line), (2) CO-saturated 0.25 M K2HPO4 + 0.25 M KH2PO4 at bulk pH 6.6 (black circles, black solid line), (3) CO-
saturated 0.5 M KHCO3 at bulk pH 8.7 (blue triangles, blue solid line) and (4) CO saturated 0.1 M KOH at pH 12.8 (green filled squares, green solid line) and 
(5) CO-saturated KOH with trace amounts of phosphate anions at pH 12.8 (green open squares, green dotted line). Note logarithmic current density scale. 
Current was normalised against the surface area established by electrochemical impedance spectroscopy measurements (roughness factor 3.3). The lines are 
plotted to guide the eyes.  
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 Moreover, we employed static headspace analysis as other product detection techniques to obtain information about very 
small product concentrations. Figure 7.19 provides a typical chromatograph obtained upon analysis performed on aliquot 
samples taken after CO reduction on Au3Cd bulk alloy sheet at -0.3 V and -0.4 V vs. RHE. Due to the high sensitivity of the 
method, even very small amounts of gases dissolved in the air, such as methane, are detected (at retention time of 2.4 min). 
No significant concentrations of either methanol or other interesting products are detected. The major product obtained 
during the CO electrolysis on bulk Au3Cd sheet and Cd/Au surface alloy gold was hydrogen. The measured trends in 
hydrogen evolution activity were as follow: Au3Cd ൐ Cd/Au surface alloy ൎ Au. 
Figure 1.6: High sensitivity static headspace analysis -aliquots taken from CO electrolysis in 0.1 M KOH on Au3Cd at  
-0.3 V and -0.4 V. The total current densities related to the 60 min long electrolysis measurements are shown on the plot.  
Calibration analysis containing 100 mM concentration of methanol, ethanol, acetone and n- propanol is contrasted to the data.  
 
4. Discussion  
 
Even though the binding of *CO intermediate on Au3Cd(211) is weaker with respect to Au(211), its overall free energy 
diagram becomes exergonic at less negative limiting potentials relative to Au(211) due to stabilisation of *COOH. 
Therefore, we would expect an increase in CO evolution activity. Additionally, the further reduction of *CO to CH3OH 
would be possible, as it should also be for Au(211) at sufficient overpotential. Due to *CHO stabilisation on Au3Cd(211), 
the limiting potential for further *CO reduction to *CHO would be -0.17 V. Nonetheless, because of absolute weak binding 
of *CO, the chemical step of CO(g) adsorption becomes relevant when considering methanol production. Assuming the use 
of CO (at 1 bar) as a reactant gas instead of CO2 (producing only ~0.001 bar of CO), DFT predicts a direct reduction of gas 
phase CO to *CHO at -0.29 V (see Table 1.1). 
The comparison of the electrolysis results from CO2 reduction on the surface Cd/Au alloy and on the bulk Au3Cd alloy to the 
polycrystalline gold reveals significant discrepancies from the DFT predicted trends. This suggests a possibility of active site 
poisoning or surface structure rearrangements.  
On the basis of our experiments, additional theoretical calculations were performed which suggested that the Au-Cd active 
site may be blocked or modified by *OH and *OCHO*. Namely, DFT calculations suggest that during CO2 reduction to 
formate, *OH and *OCHO* intermediates can be stabilised by adsorbing onto two contiguous Cd atoms. Hence, there could 
be a driving force for converting two Au-Cd sites into a Au-Au site and a Cd-Cd site, when *OH or *OCHO* intermediates 
are present. DFT calculations suggest a potential dependent stability of the Au-Cd step sites: at potentials more positive than 
~ +0.1 V, *OH adsorption induced surface rearrangements and poisoning may occur. The removal of *OH from the Cd-Cd 
sites is not exergonic until -0.2 V. Similarly, at the potentials below ~ -0.37 V, *H or *CO adsorption may cause Au-Cd sites 
to reform, and poison the surface. Consequently, the adsorption of CO molecules onto the catalytically relevant Au-Cd site 
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without reforming it would only be possible in a rather narrow potential range, below -0.25 V and more positive than -0.37 
V. According to the theoretical model, at potentials below -0.37 V, the driving force for Cd subsurface migration due to H-
Au interaction becomes significant.  
It is not completely surprising that Cd-alloyed gold produces more formate relative to the pure Au, since metallic Cd on its 
own produces formate with high Faradaic efficiency.3 Hence, the adsorbed formate (*OCHO*) may act as the site blocking 
species. *OH adsorption indeed may be relevant for Cd-alloyed Au; however, it occurs only at positive potentials. *OH 
would be removed from the surface at more negative potentials, under reaction conditions.  
Effectively, prior to the electrolysis, all the electrodes were kept at potentials around -0.2 V, which would mean that both in 
neutral and alkaline media, Cd-alloyed gold surfaces could still have a certain coverage of *OH.  Therefore, adsorbed *OH 
could be causing AuCd sites to reform. On the other hand, *OCHO* intermediate should easily be reduced off the surface in 
alkaline media at -0.25 V.  Given the accuracy of DFT, adsorbed formate however may be a plausible explanation for AuCd 
sites rearrangements and poisoning in neutral media.  
 
Reaction intermediates that bind stronger to Au than to Cd, such as *H and *CO, may be the reason for the Au enrichment at 
the surface of Cd-alloyed gold electrodes. Adsorbed H or C-based species could bring about segregation of Au to the 
surface. There are reports in the literature regarding the adsorption of *H4 and *CO5-9 on Au, in an electrochemical 
environment. On polycrystalline Au, potential decay measurements by Conway and coworkers suggest that the surface 
reaches a saturation coverage of 15 μC cm-2 in alkaline solution at -0.4 V;4 presumably H would only adsorb at the step 
sites10; this would correspond to a coverage at step sites of 0.75 ML (assuming that the total density of surface atoms is equal 
to that of Au(111), and that step sites constitute 10% of that total surface). 
Likewise, on the basis of our own measurements, and measurements by others, the CO coverage also seems to be substantial 
in alkaline solution; it is also reported to be significant to a significant, albeit to a lesser extent in acid solution.6-8 It seems 
reasonable to conjecture that the CO coverage should also be high under neutral conditions. 
In addition, there are surface science studies confirming that Au atoms have a significant mobility in an electrochemical 
environment.11 Notably, according to STM measurements by Shue et al12, CO adsorption at Au causes roughening of the 
step sites.  This shows that Au mobility is high enough, and that CO adsorption is strong enough on Au, to allow the 
presence of CO to bring about the movement of Au atoms at step sites.  
The surface overall composition, and hence catalytic activity, should be correlated to the equilibrium coverages of all these 
species: *OH and *OCHO* at positive, and *H and *CO at negative potentials.4,13-16 
Cd/Au. CO2 electrolysis experiments on 0.1 ML Cd/Au show that the addition of a small amount of Cd to polycrystalline 
gold has no significant effect to its catalytic behavior, as it resembles that of pure Au (Figure 1.4). In order to understand if 
these results are due to surface reconstruction or to the presence of adsorbed species we characterised the surface after 
reaction. 
Au3Cd. The CO evolution activity of the bulk alloy (Au3Cd) is measured to be an order of magnitude lower than that of Au. 
The decrease in total current densities of CO2 electrolysis measurements made on Au3Cd relative to pure Au corresponds 
almost entirely to the amount by which the CO evolution activity on Au3Cd decreased (shown in Figure 1.3). Interestingly, 
there is no significant difference in hydrogen evolution activity between the Cd-alloyed gold and the pure gold. This is 
surprising, given both the DFT prediction for HER of the alloyed surfaces(see Figure 1.2), and the experimental observation 
that Cd is at least four orders of magnitude less active for hydrogen evolution than Au.17 Furthermore, the CO electrolyses 
done on Au3Cd at -0.4 V and -0.3 V (see Figure 1.6) did not show any methanol, even when performing the product analysis 
using highly sensitive equipment.  
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5.Conclusions 
The fundamental understanding of catalysis of CO2 electro-reduction on pure transition metals –the origin of large 
overpotentials and existence of the scaling relations between the key intermediates – indicated various strategies in search 
for new catalysts. In this section, we set to explore one of the proposed strategies, involving the breaking of the scaling 
relations via alloying.  
Density functional theory calculations were employed for the screening of transition metal based bimetallic alloys, in order 
to identify the optimal stable catalyst possessing low overpotential for selective formation of products of interest, primarily 
hydrocarbons or alcohols. The theoretical model proposes Au3Cd and a variety of gold cadmium surface alloy structures as 
the system being the most likely successful in breaking the scaling relations between the intermediates involved in CO 
evolution reaction. Additionally, the limiting potential related to the protonation of the adsorbed CO is found to be more 
favourable on Au3Cd(211) than on Cu(211). The predictions imply a higher CO evolution activity on Au3Cd relative to Au 
at low overpotentials. The DFT model includes possibility of further reduction of CO on Au3Cd with CH3OH as a final 
product, contrasting Cu which mainly produces hydrocarbons. The competing reaction, hydrogen evolution, is predicted to 
be suppressed in Cd-alloyed gold surfaces. Even though it seems to be more thermodynamically favored to produce formate 
on Au3Cd than on Au, high pre-exponential factors (barriers) are expected to play a determining role, as in case of Cu, Au or 
Ag.  
Numerous experimental measurements, including both reduction of CO2 and CO, were performed on a bulk alloy sheet of 
Au3Cd, as well as on surface alloys with submonolayer amounts of underpotentially deposited Cd. 
High sensitivity quantification analysis employed both for the gas and liquid phase products of CO2 electrolysis in neutral 
media led to following main observations: 
a) CO evolution activity is suppressed on Au-Cd relative to pure polycrystalline Au. 
b) Hydrogen evolution activity remains similar to that of Au on all varieties of AuCd structures. 
c) Formate production is enhanced relative to Au, but remains a minor product. 
d) No methanol or other desired products were detected using a set of analytic tools – HPLC, static headspace 
analysis and 1H-NMR spectroscopy. 
Electrolysis in alkaline electrolyte saturated with 1 bar CO showed following results: 
a) Trace amounts of formaldehyde were produced on Au3Cd, corresponding to less than 0.5 % Faradaic efficiency. 
b) No methanol or other desired products were detected using a set of analytic tools – HPLC, static headspace 
analysis and 1H-NMR spectroscopy. 
c) Trace amounts of CO2 inevitably present in KOH are reduced to formate. 
d) Hydrogen evolution activity was found to be higher on Au3Cd and same on surface alloy compared to Au.  
e) Trace amounts of phosphate anions, present in 0.1 M KOH, suppress hydrogen evolution reaction, contrary to the 
results initially obtained during CO2 reduction in phosphate buffer as working electrolyte. 
 
The attempts of CO reduction on surface Cd/Au alloys using high surface area catalyst supports such as gold nanoparticles, 
nanoporous gold structure and high roughness oxide-derived gold electrodes failed to give a result that would match the 
theoretical predictions. 
In summary, the experiments show that alloying Au with Cd results in a decrease in  CO evolution activity and a slight 
increase in formate production activity. These results suggest that there are additional processes involving various reaction 
intermediates, adsorbed *OCHO*, *H, *CO or *OH, which may cause changes in surface composition and morphology, and 
they need to be taken into account by the theoretical model. 
In summary, *OCHO* and *OH adsorbates may reform the surface, causing major segregation, probably through forming 
Cd islands surrounded by Au. The contact between Au support and Cd islands could still exist as a step edge, however, it 
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would be poisoned by*OH and *OCHO*, until they are removed at more negative potentials: HO* at ~-0.2 V * and 
*OCHO* at ~-0.25 V..  Even within the boundaries of the uncertainties of DFT, the formate or HO* poisoning hypothesis 
does not explain why at negative potentials one cannot achieve higher CO evolution or CO reduction activity relative to pure 
Au.  
Alternatively, we considered that the adsorption of reactants as *H and *CO may bring about Cd subsurface migration at the 
step site, depleting the surface of Cd and forming an overlayer of Au at the step. Alternatively Cd could be pushed aside to 
form islands, as found to be the case for Cu/Pt in Section 5.  Catalytic results indeed correlate better with the surface 
modelling an overlayer of pure gold on Au3Cd, showing no formation of methanol on either of alloyed gold electrodes.  
All the considered processes indicate towards a very narrow range of potential, from ~-0.25 V to  
~-0.37 V, where Au-Cd could actually be both stable and active. The possibility of underestimated absolute binding of CO, 
could effect its surface coverage and desorption kinetics in a complex manner. 
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